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Four  years  aqo  a proposal  was  submitted  for  ARO  review  which 
concerned  the  effect  of  pressure  on  the  properties  of  amorphous 
semiconductors.  The  work  was  funded,  and  this  is  the  final  report. 

While  there  had  been  a few  papers1  dealing  with  pressure  effects 
prior  to  that  time,  relatively  little  was  known,  and  the  interpretation 
of  available  data  on  related  properties  (e.g.,  the  temperature 
coefficient  1,2  of  any  qiven  parameter  A contains  a term  dependent 

on  dA/dP)  was  restricted  thereby. 

It  was  hoped  that  measurements  could  be  made  on  a wide  variety 
of  chalcogenide-based  alloys  over  the  pressure  ranqe  0-16  kbar  and 
over  a temperature  range  possibly  reaching  1000  C. 

two  events  have  severely  restricted  performance  under  this 
grant.  First,  was  the  death  of  Professor  D.  S.  Hughes  who  was  the 
source  of  high-pressure  expertise  in  the  project.  Second,  was  the 
delay,  by  many  months,  in  delivery  of  a high  pressure  bomb.  These 
events,  together  with  the  attendant  changes  in  plans,  priorities,  and 
capabilities  resulted  in  considerable  start-up  delays  and  loss  of 
mid-term  productivity. 
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improved  understanding  of  the  nature  of  amorphous  semiconductors 
has  resulted  in  far  fewer  samples  being  required  to  yield  a meaningful 
survey  of  alloy  properties,  as  will  be  seen  in  subsequent  sections 
of  this  report.  Nevertheless  several  important  questions  remain 

to  be  settled. 

While  the  original  proposal  suggested  that  sound-speed  measure- 
ments be  primarily  used  for  location  of  the  glass  transition,  it  has 
turned  out  that  measurements  of  the  speed  of  compressions!  and  shear 
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waves  made  in  searches  for  a glass  transition  have  also  been  used 
in  equation-of-state  studies.  This  data  provides  rompressibil ities 
(or,  shear  and  bulk  moduli)  over  the  available  pressure  and  temper- 
ature range  and  is  the  first  such  characterization  of  these  materials. 

The  following  sections  provide  details  of  our  work  on  sample 
preparation  and  other  experimental  procedures  (Sect.  2)  ; together 
with  results  on  equation-of-state  (Sect.  3);  the  glass-transition 
phenomenon  (Sect.  4);  and  dc  and  ac  conductivity  (Sect.  5).  Other 
sections  concern  publications  and  personnel. 


2.  Experimental 
2A.  Sample  Preparation 

This  work  has  been  based  entirely  on  studies  of  bulk  semi- 
conductinq  allov  glasses.  By  using  bulk  glass,  problems  of  sample 
reproducibility  have  been  avoided  and  materials  production  facilities 
have  been  reduced.  There  is  a disadvantage  in  our  inability  to 
produce  as  wide  a range  of  compositions  as  in  thin  film  work. 

Sample  production  has  followed  standard  procedures. 

Known  amounts  of  the  desired  const itutients  (five  9's  pure)  are 

* * 

crushed  then  weighed  out  on  a Mettler  balance  in  glove  box  with 

an  inert  gas  atmosphere.  Typical  samples  weighed  20-30  gm  . They 

are  then  placed  in  a quartz  ampoule,  sealed  off  under  fore-pump 

* 

vacuum,  and  placed  in  a rocking  tube  furnace  . Heating  cycles  depend 
on  the  material  used  but  generally  involved  temperatures  near  800  C 
and  periods  of  approximately  one  day.  Samples  were  dropped  from 
the  furnace  to  an  air  or  water  quench. 

The  sample  is  then  removed  from  the  ampoule  by  means  of  a 
diamond  wheel  connected  to  a high  speed  pneumatic  drill  motor. 

Once  the  glass  ingot:  is  removed  from  the  ampoule  it  is  cut  into 
suitable  lengths  with  an  S.  S.  White  airbrasive  cutter.  Some  of  the 
experiments  with  these  glasses  require  that  the  ends  of  the  cylindrical 
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bought  with  funds  provided  by  this  grant. 
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samples  cut  from  the  inqot  be  flat  and  parallel,  mhe  parallelism 
and  flatness  of  the  ends  of  the  sample  is  produced  by  polishing  on 
a rotating  optical  flat  supplied  by  Euehler.  The  sample  is  placed 
in  a V-block"  and  ground  down  with  alumina  powder  (.05  micron)  to 
the  required  specifications  of  the  experiment. 

Over  70  different  kinds  of  samples  were  made,  with  more  than 
150  different  quenches  carried  out.  Table  I lists  the  kinds  of 
samples,  while  Table  II  describes  the  fate  of  individual  samples. 


Cd-3 
TABLE  I 


Composition  in  per  cent 


Te  72  Ge  9 


As  19 


Te  72 


Te  72  Ge  13 

Te  72  Ge  15 


Ge  11  As  17 

Ge  13  As  15 


je  72  Ge  15  As  13 
Te  72  Ge  17  As  11 

. Te  75  Ge  15  As  10 

Te  78  Ge  9 As  13 

.Te  70  Ge  13  As  17 

Te  67  Ge  14  As  19 

. Te  65  Ge  15  As  20 

__Se  60  Ge  20  As  20 


Sample 

Number 

26 

27 

28 

29 

18-6-a 

13-7 

13-2-a 

18-8 

30 

31 
BA  1 


iTe  12.5,  Tfc  25,  As  25.  Se  37 .6  BA  2 


_ Te  75  Ge  15  As  10 

#10  with  1%  Na  doping 

As  40  Sp  60 

_ Ge  10  As  65  Te  25 

...  Ge  5 As  65  Te  30 

s 6 


BA  3 
18  12 
32 

18-12a 
18-4 
BA  4 


BA  5 


BA  6 


BA  7 


BA  8 


Composition  in  per  cent 


As  40 

Se  45 

Te  15 

As  40 

Se  30 

Te  30 

As  40 

Se  15 

Te  45 

As  40 

Te  60 

#18-6  with  Gd.  doping 

#18  with  Yt.  dopi ng 

_#18-2  with  - 1Q%  Mn  doping 

#18  with  mn  doping 

_ As  40  Se  12  Tp  43 

As  40  Se  48  Te  12 

_ Te  80  Ge  8 As  1? 

Te  75  Ge  10  As  15 

_ Te  70  Ge  12  As  13 

-.*18  witt  .5%  dopinci  of  #18-8 
_ Te  75  Ge  5 As  20 

#18-12  with  .5%  doping  of  #18-8 
#18-4  with  .1%  Cr  doDina 


Te 

80 

Ge 

10 

As 

10 

Te 

75 

Ge 

12 

As 

13 

Te 

70 

Ge 

14 

As 

16 

Te 

80 

Ge 

6 

As 

14 

Te 

75 

Ge 

13 

As 

12 

2*4 

TABLE  I 


Sample  . 

Number  Composition  in  per  cent 


PA  6 A 


PA  6 


PA  7 


PA  8 


PA  9 


5 


K 6 


K 7 


PA  16 


Te  70  Ge  10  As  20 


As  40  S 60 


e 50 


Si  25 


As  55 


As  40  Se  30  Te  30 


Cu  25  As  25 


As  25  Te  50  Si  25 


Cd  30  Ge  15  As  55 


As  40  Se  40  Te  20 


Ge  33  , As  33  , Se  16  , Te  15 


As  40,  Te  60  (#29) 


#33  with  .1%  Ag  doping 


#33  with  .2%  Ag  doping 


#33  with  .5%  Ag  doping 


#33  with  1.02  Ag  doping 


#18  with  . 1%  Ag  doping 


Same  as  PA  6 A 


PA  17 


Pa  18 


PA  19 


PA  20 


PA  21 


N 1 


PA  22 


PA  23 


PA  24,25 


Ge  33 

Se  20 

Te  46 

Ge  33 

Se  33 

Te  33 

Ge  33 

Se  66 

#33  with 

1.5%  Ag  doping 

Composition  in  per  cent 


#33  with  22  Ag  dopi ng 


#33  with  3%  Ag  doping 


#33  with  4%  Ag  doping 


#18  wi til  1.52  Ag  doping 


#18  with  2%  Ag  doping 


#18  with  1%  Cr  doping 


#33  with  1%  Ag  doping 


#33  with  52  Au  doping 


#33  with  1%  Au  doping 


#33  with  }i%  Cr  doping 


Cd  25  Ge  25  As  50 


TABLE  II 


_ , Who  Temp. 

Date 

Weighed  Cooked 
Weighed  It  At  (Cc) 


Crystal  Sample  Date 
or  Unique 
Amorph.  Number  ^e^ed 


Who  Temp.  Crystal 

Weighed  Cooked  or 

It  At  (°C)  ' Amorph. 


TABLE  II 


Date 

Weighed 


Who 

Weighed 


19-2 

6-14-72 

0 

. Nance 

10-12 

6-19-72 

D 

Nance 

18-4 

6-19-72 

D 

. Nance 

17-3 

6-20-72 

. Nance 

5-3 

6-21-72 

D 

. Nance 

13-2 

6-26-72 

D 

. Nance 

13-6 

6-28-72 

D 

. Nance 

m 

8-16-72 

0 

. Nance 

18-7 

8-21-72 

D 

. Nance 

10-13 

9-8-72 

D 

. Nance 

17-4 

9-11-72 

0 

. Nance 

10-14 

9-25-72 

0 

. Nance 

18-2-a 

. Nance 

25-1 

10-16-72 

D 

. Nance 

10-15 

10-20-72 

0 

. Nance 

10-16 

10-20-72 

D 

. Nance 

18-8 

D 

. Nance 

10-17 

10-30-72 

■ 

. Nance 

26-1 

10-30-72 

0 

. Nance 

27-1 

11-6-72 

D 

. Nance 

10-18 

11-6-72 

D 

. Nance 

28-1 

. Nance 

Temp. 

Cooked 

At  ro 


Crystal 

or 

Amorph. 


Date 

Weighed 

Who 

Weighed 

It  1 

11-10-72 

0 

. Nance 

LI -17-72 

D 

. Nance 

Ll-17-72 

0 

. Nance 

L2-1-72 

D 

. Nance 

12-4-72 

0 

. Nance 

12-3-72 

0 

. Nance 

1-17-73 

0 

. Nance 

1-17-73 

0 

. Nance 

1-17-73 

D 

. Nance 

1-19-73 

0 

. Nance 

1-19-73 

D 

. Nance 

1-22-73 

D 

. Nance 

1-22-73 

D 

. Nance 

2-6-73 

D 

. Nance 

2-6-73 

D 

. Nance 

2-9-73 

(reflred) 

2-13-72 

D 

. Nance 

2-13-73 

0 

. Nanc3 

2-20-73 

0 

. Nance 

Temp.  Crystal 

Cooked  or 
At  (°C)  Aificrph. 


TABLE  II 


i 

3-6-73  , D.  Nance 


Date  “hu 

Weighed 
Weighed  j 


.03  I 3-13-73  D.  Nance 


. 05  I 3-13-73  D.  Nance 


3-20-73  D.  Nance 


4 - 16- 73I  D.  Nance 


4-21-73'  D.  Nance 


J.  Siegrist 


6-5-73  J.  Siegrist 


.01  6-11-73  D.  Nance 


D.  Nance 


.01  6-13-73  D.  Nance 


.01  6-14-73  D.  Nance 


til- 

— 

6-15-73 

^ ■ --  - 

J.  Siegrist 

3-16 

6-15-73 

J.  Siegrist 

6-29-73!  (refired) 


Temp.  Crystal 
Cooked  or 
At  (°C)  Amorph. 


400,  650 


820 


820 


820 


820 


400,  600 


400,  600 


820 


800 


820 


820 


820 


820 


400,  620 


400 


400,  680 


•17  7-18-73  D.  Nance  400 


■18  7 - 2 3 - 7 3!  J . Siegrist  400,  620 


-19  8-2-73  D.  Nance  450,  600 


-20  8-3-73  D.  Nance 


Sample 
Un i que 
Number 


6-3 


10-21 


13-3 


14-2 


17-8 


Cu- 


33-2 


33-3 


29-2 


17-9 


18-20 


18-21 


PA-2 


PA-3 


PA-4 


PA-5 


K 1 


2 


3 


PA-6A 


PA  6 


Date 

Weighed 

Who 

Weighed 

It 

8-7-73 

D.  Nance 

8-8-73 

D.  Nance 

8-8-73 

D.  Nance 

8-8-73 

D.  Nance 

8-8-73 

D.  Nance 

J.  Siegrist 

10-5-73 

D.  Nance 

10-17-73 

D.  Nance 

10-17-73 

•J.  Siegrist 

1-9-74 

J.  Siegrist 

1-9-74 

J.  Siegrist 

1-9-74 

J.  Siegrist 

1-9-74 

J.  Siegrist 

| 

1-9-74 

J.  Siegrist 

1-17-74 

J.  Siegrist 

1-17-74 

J.  Siegrist 

1-22-74 

J.  Siegrist 

1-22-74 

J.  Siegrist 

1-22-74 

J.  Siegrist 

1-29-74 

J.  Siegrist 

1-29-74 

J.  Siegrist 

2-7-74 

J.  Siegrist 

Temp.  I Crystal 
Cooked  or 
At  (°C)  Amorph. 


800 


Date 

Weighed 


Who 

Weighed 

It 


2-7-74 


2-12-74  J.  Siegrist 


J.  Siegrist 


J.  Siegrist 


2-19-74 

J.  Siegrist 

2-19-74 

J.  Siegrist 

2-19-74 

J.  Siegrist 

Date  Wh0  Temp.  Crystal 

Weighed  Cooked  or 
Wpi9hed  It  At  (°C)  Amorph. 


33-6 


18-4 


17-10 


17-11 


17-12 


PA  22 


PA  23 


PA  24 


PA  25 


N 2 


BEN-1 


BEN-2 


Cu-2 


3-26-74 


3-26-74 


3-26-74 


5-29-74 


5-29-74 


5-29-74 


6-5-74 


6-5-74 


6-5-74 


6-13-74 


6-13-74 


6-13-74 


6-18-74 


J.  Siegrist 


J.  Siegrist 


J.  Sieyrist 


J.  Siegrist 


J.  Siegrist 


J.  Siegrist 


J.  Siegrist 


J.  Siegrist 


J.  Siegrist 


J.  Siegrist 


J.  Siegrist 


PA  20  3-14-74  J.  Siegrist 


N-l 

PA 

19 

PA 

20 

PA 

21 

33- 

4 

33- 

5 

J.  Siegrist 


33-5  3-26-74  J.  Siegrist 


I 


l 
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2B.  High  Pressure  Apparatus  and  Techniques 

The  high  pressure  apparatus  with  which  this  pioiect  was  begun 
had  been  designed  for  the  purpose  of  creating  an  environment  equiv- 
alent to  that  in  the  earth's  crust.  Specifically  it  was  designed ^ 
for  temperatures  from  room  temperature  to  1000°C  and  for  pressures 
up  to  either  10  kbar  cr  30  kbar  depmding  on  which  of  two  available 
modifications  was  employed.  As  detailed  knowledge  of  the  capabilities 
and  limitations  of  the  hiqh  pressure  eouipment  was  acquired  in  pre- 
liminary experiments  it  became  clear  that  alterations  would  be 
desirable. 

First,  however,  a description  of  the  operation  of  the  apparatus 

is  in  order.  The  pressure  medium  is  gas  which  is  obtained  at 

2000  psi  from  standard  bottled  gas  cylinders.  It  is  then  compressed 

in  two  stages  by  hydraulic  pumps  and  gas-oil  separators  to  30,000  psi. 

During  this  compression  the  gas  enters  a compound  steel  cylinder 

through  a very  small  (0.005  i;..)  port  just  below  the  initial  position 

of  the  piston.  Fig.  1 and  2.  The  upper  hydraulic  ram  forces  the 

% 

piston  past  this  part  and  then  compresses  the  gas  to  the  final 
pressure.  Pressures  in  excess  of  18  kbar  have  been  achieved ^ in  a 
compound  steel  cylinder  with  a 3/4  in.  diameter  bore  and  to  10  kbar  in 
a 1-1/4  in.  diameter  cylinder.  Only  the  larger,  lower  pressure 
system  has  been  used  in  this  research.  The  lower  hydraulic  ram  serves 
to  hold  everything  together  within  the  massive  steel  frame,  and,  for 
the  small,  higher  pressure  system,  to  provide  a prestressing  force 
for  the  cone-in-cone  type  compound  steel  cylinders. 

Since  the  amorphous  materials  turn  ;d  out  to  be  easily  compressible 
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it  was  decided  at  an  early  stage  to  limit  the  pressure  range  below 
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3n  kbar.  The  procedures  and  apparatus  for  this  range  are  substantially 
simpler,  bur  nevertheless  required  modification. 

The  accuracy  required  in  the  measurements  of  the  variation 
of  the  d.c.  conouctivity  with  temperature  and  pressure  for  amorphous 
semiconductors  was  found  to  exceed  the  precision  of  measurement  of 
temperature  and  pressure  with  the  pressure  apparatus  in  its  original 
configuration.  This  lack  of  precision  also  adversely  affected  the 
measurement  of  glass  transition  temperatures  at  high  pressures. 
Preliminary  measurements  also  indicated  that  it  would  be  necessary 
with  some  amorphous  semiconducting  materials  to  go  to  temperatures 
somewhat  below  room  temperature  to  observe  any  frequency  dependent 
conductivity . 

The  factor  limiting  the  precision  of  temperature  measurement  was 
the  use  of  platinum  vs.  platinum  131  rhodium  thermocouples  (ANS/type 
^-n  bhe  original  configuration.  A number  of  users  have  noted  that 
there  is  a strong  pressure  effect  on  the  emf  of  platinum  alloy 
thermocouple  combinations  which  also  depends  on  the  exact  experimental 
configuration  (i.e.  the  temperature  of  the  pressure  feed-throughs, 
and  the  composition  of  the  feed-throughs) . The  error  could  possibly 
be  as  great  as  10°C  for  our  measurements.  This  amount  of  error 
was  totally  unacceptable  for  the  conductivity  measurements  and  was 
of  the  same  order  as  the  expected  pressure  shift  of  the  glass  transition 
temperatures  of  the  amorphous  semiconductors. 

For  these  reasons,  the  platimum  alloy  thermocouples  were  replaced 
by  chrome 1 vs.  alumel  thermocouples  (ANS/type  K) . This  thermocouple 
shows  the  lowest  pressure  effect  on  thermal  emf  of  any  common  alloy 
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combination;  however,  it  was  not  used  in  the  original  apparatus 
as  it  was  intended  for  use  to  temperatures  in  excess  of  1000°C  at 
elevated  pressures  witv>  a nitrogen  pressure  medium.  Robertson  et.al. 
noted  a problem  with  deterioration  of  this  thermocouple  combination 
at  temperatures  above  900°C  in  a high  pressure  nitrogen  atmosphere. 

As  it  did  not  appear  desirable  in  any  of  the  amorphous  semiconductors 
investigations  to  make  measurements  at  temperatures  approaching 
900°C,  no  problems  with  chromel  vs.  alumel  thermocouples  were  con- 
templated . 
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Limitations  in  the  temperature  range  and  in  the  precision  of 
the  pressure  measurements  were  not  so  simply  resolved  as  the  im- 
provement of  temperature  measurement.  In  the  pressure  apparatus, 
the  sample  temperature  was  controlled  by  means  of  a resistance  wire 
k furnace  surrounding  the  sample  in  the  sample  holder.  The  minimum 

temperature  was  thus  limited  to  room  temperature.  The  only  practical 
way  to  reduce  the  lower  temperature  limit  for  this  apparatus  xa  to 
l»  immerse  it  in  a cooled  temperature  controlled  bath.  This  technique 

is  at  best  quite  limited,  by  the  brittle  transitions  of  the  steels 
used  in  the  construction  of  the  apparatus,  by  the  freezing  temperature 
of  the  hydraulic  oil  at  high  pressures,  and  by  failure  of  the  moving 
seals  at  low  temperatures. 

The  problem  of  the  precision  of  pressure  measurements  was  also 


/ 


k 
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related  to  the  temperature  control  problem.  The  pressure  iauge 
consists  of  a coil  of  manganin  wire  with  approximately  100  CJ  resistance. 
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This  coil  is  incorporated  into  the  lower  closure  of  the  pressure 
apparatus.  As  the  pressure  changes,  the  resistance  of  the  manganin 
coil  changes  by  a very  small  amount.  This  resistance  change  is 
very  nearly  linear  with  pressure  and  can  be  measured  by  means  of  a 
Wheatstone  bridge.  There  is,  however,  in  addition  to  the  pressure 
coefficient  of  resistance  also  a temperature  coefficient  which 
creates  problems.  When  measurements  are  being  made  at  elevated 
temperature  using  the  internal  furnace,  the  temperature  the 
manganin  coil  is  at  some  unknown  temperature  between  the  sample 
temnerature  and  room  temperature.  As  the  resultant  error  was  a 
function  of  temperature,  pressure,  and  sample  cell  configuration, 
there  was  no  effective  method  of  correcting  for  it. 

In  order  to  circumvent  these  experimental  difficulties,  it  was 
decided  to  modify  the  apparatus  so  that  pressures  could  be  generated 
m one  pressure  vessel  or  intensifier  and  transmitted  from  the 
intensif ler  to  an  experimental  pressure  vessel  through  high  pressure 
tubing,  m this  manner,  the  manganin  gauge  could  be  incorporated 
into  the  system  in  such  a place  that  it  could  be  held  at  room  temperature 
and  could  be  corrected  by  a compensating  coil  at  atmospheric  pressure 
but  in  thermal  contact  with  the  active  coil.  The  intensifier  in 
such  a system  can  be  kept  at  room  temperature  thus  eliminating  any 
possible  problems  with  the  freezing  of  hydraulic  oil  or  with  moving 
seals  at  low  or  high  temperatures.  The  problem  of  experimental 
temperature  range  can  be  solved  through  a proper  choice  of  materials 
for  the  construction  of  the  experimental  pressure  vessel. 
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P diaqram  of  the  modified  system  is  shown  in  Fig.  3.  No 
modifications  were  made  _n  the  equipment  which  compressed  the  nitrogen 
to  a pressure  of  30,000  PSI.  At  this  pressure  the  nitrogen  is 
introduced  through  a valve  (not  shown  in  Fig.  3)  into  the  intensifier. 

The  intensifier  consists  of  the  original  10  kbar  press  as  shown  in 

Fig.  1 and  2 with  the  modifications  shown  in  Fig.  4.  The  lower 

hydraulic  ram  was  replaced  by  the  lower  spacer,  the  compound  steel  cylinder 

and  lower  closure  of  the  press  were  replaced  by  a somewhat  different 

compound  steel  cylinder,  and  the  piston  and  piston  support  block 

of  the  press  were  replaced  by  a modified  piston  support  block  and 

piston  with  an  improved  moving  seal. 

In  operation,  the  nitrogen  enters  through  the  bottom  seal  through 
a piece  of  high  pressure  tubing,  thus  eliminating  the  port  in  the  side 
of  the  cylinder  which  tended  to  adversely  affect  the  life  of  the 
upper  (moving)  seal  in  the  original  configuration.  This  and  the 
unsupported  area  design  seal  have  combined  to  greatly  extend  the  seal 
life.  The  compound  steel  cylinder  itself  was  modified  f^om  the 
construction  of  the  previous  cylinder  only  in  the  elimination  of  the 
top  extension  of  the  inner  cylinder  which  served  as  the  gas  inlet 
and  modification  from  a bored  through  construction  to  a blind  bore 
to  approximately  half  the  length  of  the  cylinder  with  a smaller  hole 
bored  on  through  for  the  gas  inlet  tubing. 
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The  alloys  used  in  the  construction  of  the  cylinder  and  piston 
and  piston  support  block  for  the  intensifier  modification  are  the  same 
as  those  which  were  used  in  the  construction  of  the  original  10  kbar 
press.  The  inner  cvlinder  is  of  Carpenter  tool  steel  #883  hardened 
to  43-45  Rc,  the  outer  cylinder  is  A.I.S.I.  4340  steel  hardened  to 
32-35  Rc.  The  piston  support  block  is  of  Carpenter  Vega  steel 
hardened  to  Pc  44-48,  and  the  piston  and  ster-1  parts  of  the  pressure 
seal  are  of  Carpenter  610  steel  hardened  to  Rc  44-48.  The  rough 
machining  was  done  in  the  departmental  shop.  The  parts  for  the 
cylinder  were  then  shipped  to  Houston  where  they  were  heat  treated, 
finish  ground  and  polished,  and  assembled  in  commercial  heat  treating 
and  grinding  establishments.  The  remaining  parts  were  finished  in 
the  engineering  labs  at  this  university. 

As  shown  in  Fiq.  3,  the  manganin  gauge  is  separate  from  both 
the  intensifier  and  the  experimental  pressure  vessel.  In  this  manner 
it  is  not  affected  by  the  temperature  of  the  experimental  vessel. 

Two  experimental  pressure  vessels  are  being  used  in  this  research, 
one  which  was  produced  here,  and  one  which  was  purchased  from  a 
commercial  firm.  These  were  both  originally  planned  to  have  coaxially 
shielded  electrical  leads  using  a techrique  first  introduced  by 

Q 

Cornish  and  Ruoff  . In  this  technique,  a type  of  coaxial 
cable  which  is  made  by  swaging  a solid  metallic  sheath  onto  a 
powdered  dielectric  containing  the  inner  conductor  or  conductors. 


1 
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It  was  originally  desired  to  isolate  the  coaxial  shield  from  the 
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nressure  vessel  so  that  they  could  be  separately  grounded,  the  sheath 

through  the  instruments  being  used  for  measurements  and  the  pressure 

vessel  through  the  pressure  tubing.  It  was  desired  in  this  manner 

to  eliminate  the  possibility  of  ground  loop  emfs  which  could  give  erroneous 

measurements.  Leads  made  using  a triaxial  variety  of  the  sheathed 

13  9 

cable  have  been  reported  to  have  an  impedance  of  greater  than  10  P 

and  other  investigators  have  reported  its  use  for  high  frequency 

< c.  measurements  to  frequencies  as  hiqh  as  300  MHz^'^.  Several 

investigators  have  reported  the  successful  use  of  these  leads  with 

11  12 

gas  systems  to  high  pressures  at  both  low  and  high  temperatures  ' 

It  was  further  believed  that  the  absence  of  any  signal -ref lecting 
interfaces  between  the  sample  and  the  a.c.  conductivity  bridge 
would  be  an  improvement  over  any  other  high  pressure  leads. 

For  these  reasons,  an  attempt  was  made  both  here  and  at  Harwood 
Engineering  to  build  a high  pressure  vessel  for  use  with  a gas  atmos- 
phere which  would  incorporate  the  sheathed  cable  for  leads.  However, 
in  contrast  to  the  results  reported  by  Schirber  and  Shanfeldt,  it  was 
found  to  be  impossible  to  obtain  a seal  for  a gas  pressure  medium 
which  could  be  cycled  more  than  once  to  any  appreciable  pressure 
without  leakinq.  For  this  reason,  Harwood  Engineering  redesigned 
the  pressure  vessel  they  were  building  to  have  7 unshielded  leads 
with  steel-cone-in-boron-nitride-cone  type  pressure  leadins.  For 
a sketch  of  the  Harwood  pressure  vessel  see  Drawing  5.  The  vessel 
is  of  compound  steel  construction,  the  inne1'  cylinder  being  of  aircraft 
quality  E-4340  steel  hardened  to  38-40  Rc.  The  outer  cylinder  is  of 
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mild  steel  and  is  an  interference  fit  on  the  inner  cylinder.  The 
gas  enters  the  pressure  vessel  through  the  hemishper ica)  end  of  the 
6 inch  long  experimental  area,  vhereas  the  electrical  leads  enter 
through  the  pressure  head  at  the  other  end.  There  are  five  copper 
leads  and  a chromel-alumel  thermocouple  pair. 

The  vessel  from  Harwood  was  designed  primarily  for  measurements 
above  room  temperature  with  the  extreme  temperature  limits  being 
-70°C  (imposed  by  the  brittle  transition  of  the  F-4340  steel  used  in 
its  construction)  and  400°C  (imposed  by  the  softening  or  decrease 
in  tensile  strength  and  yield  strength  of  the  F-4340  steel)  for  use 
to  the  desiqned  pressure  of  150,000  FSI.  This  vessel  was  ordered 
on  30  August  1Q72  and  delivered  in  October  1973.  Delays  were 
ascribed  to  a shop  fire,  a move  to  a new  shop,  difficulties  with  the 
coaxial  seals,  lost  air  freight,  cracked  cones,  etc.,  etc.,  etc. 
Since  the  original  apparatus  failed  early  in  1973  (a  crack  appeared 
at  the  gas-inlet  hole)  there  were  several  months  when  the  pressure 
range  was  limited,  when  no  apparatus  was  functional,  or  when  only 
the  Rerylco  apparatus  wan  available. 

To  satisfy  the  requirement  of  a lower  temperature  capability 
for  the  conductivity  studies,  a pressure  vessel  was  designed  and 
constructed  which  could  be  used  to  a temperature  limit  imposed  only 
by  the  freezing  point  of  the  pressure  transmitting  fluid.  This 
pressure  vessel  is  shown  in  Drawing  6.  It,  too,  is  of  compound 
construction,  the  inner  cylinder  being  constructed  of  Berylco 
25  alloy  (2%  beryllium,  .3%  cobalt,  balance  copper)  heat  treated  to 
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a hardness  of  approximately  10Rc.  Due  to  the  possible  health  hazard 
involved  in  working  with  beryllium  and  its  alloys,  care  was  observed 
in  the  machining  processes  to  avoid  heat  build  up  in  the  alloy 
material  and  to  capture  and  properly  dispose  of  all  of  the  machining 
scrap  and  dust.  The  outer  cylinder  is  an  in  .erference-f it  jacket 
comoosed  of  annealed  copper.  The  purpose  of  this  jacket  is  to 
absorb  fragments  from  the  inner  cylinder  in  the  case  of  rupture 
at  high  pressures.  Annealed  copper  was  chosen  for  this  purpose 
because  of  its  high  ductility.  As  the  remaining  parts  are  primarily 
under  compressive  loads  rather  than  tensile  loads,  they  were  made 
of  steel  rather  than  Berylco  21 . 

'’’he  machine  work  for  this  cylinder  and  the  necessary  heat  treat- 
ing were  all  done  in  university  facilities.  The  steel  parts  of  the 
pressure  heads,  seals,  and  gland  nuts  are  made  of  Carpenter  Vega 
steel  hardened  to  42-44  Rc. 

The  oriqinal  pressure  head  had  two  leads  made  from  the  sheathed 
cable  described  earlier.  Measurements  of  a.c.  conductivity  and  d.c. 
conductivity  were  made  for  temperatures  down  to  -85°C  with  a nitrogen 
atmosphere  at  pressures  up  to  2 kbar.  The  d.c.  conductivity  results 
were  quite  acceptable;  however,  the  a.c.  results  were  not.  As  noted 
previously,  problems  with  leakage  through  the  dielectric  were  not 
solved  with  the  consequence  that  measurements  above  2 kbar  were 
impossible  with  a gas  system.  For  this  reason,  a second  pressure 
head  with  steel-cone-in-pipestone-cone  seals  has  been  made  and  is 
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presently  being  used  for  a.c.  measurements  and  measurements  at  pressures 
above  2 kbar  with  a gas  pressure  medium. 

In  use  chis  pressure  vessel  is  immersed  in  a liquid  temperature- 
controlled  bath  and  the  temperature  is  monitored  with  a thermocouple 
attached  to  the  outside  of  the  pressure  vessel.  One  is  thus  limited 
to  fairly  low  heating  or  cooling  rates  us  an  internal  furnace  cannot 
be  used. 

In  addition  to  the  nitrogen  pressure-generatinq  system,  we 
have  been  making  measurements  in  the  beryllium-copper  pressure  vessel 
at  room,  temperature  and  above  and  to  pressures  of  100,000  PSI  using 
a liquid  medium  pressure  generating  system  (Aminco)  using  Dow  Corning 
DC  200  silicone  oil  with  a viscosity  of  3 centistakes.  Due  to  the 
freezing  point  of  this  fluid,  it  is  not  possible  to  go  to  temperatures 
below  room  temperature. 
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2C.  Acoustic  Techniques 

Acoustic  measurements  have  been  used  in  both  equation-of- 
state  and  glass  transition  studies.  In  most  cases  it  is  the  speed 
of  the  ultrasonic  wave  which  is  the  observed  parameter  in  the  pulse- 
echo  technique  which  is  now  described.  The  actual  experimental 
parameter  in  this  work  is  the  transit  time  of  a short  duration  burst 
of  in  MHz  sound  waves  traveling  in  a cylindrical  sample.  The 
sample  is  usually  about  1 cm  in  length  and  1 cm  in  diameter  with 
the  end  faces  perpendicular  to  the  cylindrical  axis,  ’’'he  end 
faces  must  be  flat  and  parallel  to  each  other.  A 10  MHz,  gold 
plated,  quartz  piezoelectric  transducer  is  bonded  to  one  face 
of  the  sample.  The  sample  is  placed  in  an  especially  designed 
holder  which  provides  electrical  corrections  for  an  internal 

heater  and  thermocouple  as  well  as  connections  to  the  transducer. 

One  problem  that  is  particularly  manifest  irj  t>his  type  of  experi- 
ment is  that  of  bondinq  the  quartz  piezoelectric  transducer  to  the 
sample.  It  is  the  nature  of  the  experiment  itself  that  presents  the 
difficulty,  that  is,  the  hostile  environment  in  which  the  sample  is 
placed.  The  bonding  material  must  be  capable  of  supporting  both 
shear  and  longitudinal  acoustic  waves  under  conditions  of  extreme 
pressure  and  elevated  temperatures.  Several  materials  were  used  with 
only  limited  success.  For  example,  glyptol  was  used  because  it  formed 
a solid  bond  between  transducer  and  sample  and  withstood  elevated 
temperatures.  But,  under  hydrostatic  pressure  of  a few  k. lobars  the 
glyptol  bond  developed  non-uniform  stresses  which  caused  it  to  break 
away  from  the  sample,  causing  loss  of  data.  Diffusion  pump  oil  was 
also  used  as  a bonding  agent  and  it  produced  quite  satisfactory 
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results  under  pressure.  However,  as  the  temperature  was  raised,  the 
viscositv  of  the  oil  became  so  low  as  *o  only  marginally  support  shear 
waves.  Finally,  an  excellent  bonding  material  was  found.  It  is 
Permatex-2,  manufactured  by  the  Pematex  Company,  Brooklyn,  New  York. 
This  material  is  readily  soluble  ir.  iropropanol  and  remains  soft 
under  pressure  and  elevated  temperatures,  yet  supports  shear  waves 
well  above  ICO  C.  The  use  of  Permatex-2  has  served  to  considerably 
ease  the  experimental  process. 

At  the  heart  of  any  measurement  lies  some  sort  of  stable  refer- 
ence to  which  the  measurement  can  be  compared.  This  reference  is 
provided  by  the  very  stable,  Time  Mark  Generator  which  triggers 
the  Arenburg  oscillator  and  the  oscilloscope,  nie  oscillator 
sends  a 1 usee  boost  of  1C  MFz  sine  waves  to  the  transducer  which 
converts  the  electrical  energy  into  mechanical  vibrations  of  the 
same  frequency.  These  sound  waves  are  transmitted  to  the  sample 
via  the  sample-transducer  bond  and  propaqated  through  the  sample. 
Reflections  from  the  opposite  face  of  the  sample  are  received 
at  the  transducer  and  converted  to  electrical  energy  for  detection. 
In  this  manner  a series  of  reflected  pulses  are  sent  to  the  tuned 
pre-amp  and  amplifier.  Diode  limiting  circuits  are  provided  to 
protect  the  preamplifier  from  saturation  since  the  amplitudes  of 
the  reflected  pulses  are  far  less  than  the  initial  pulse  from 
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the  oscillator,  ^he  amplified,  reflected  wave  packets  are  displayed 
on  one  sweep  of  the  oscilloscope  and  compared  with  timinq  pulses 
(on  another  sweep)  which  are  in  phase  with  the  initiating  trigger. 

In  this  manner,  the  time  duration  between  reflections  of  sound  waves 
ir.  the  sample  is  easily  determined.  Fia.(7a)  shows  the  presentation 
on  the  face  of  the  oscilloscope  CRT  as  displayed  on  an  x-y 
Recorder  using  a hiqh  speed  sampling  unit.  Fig  (7fc)  shows  an  ex- 
panded view  of  a single  wave  picket  and  the  time-mark  reference 
pulses  to  which  it  is  compared.  Comparison  is  made  Ly  measuring 
the  time  between  the  peaks  of  each  successive  wave  packet,  "'ime 
measurements  of  10  to  20  wave  packets  are  made  to  obtain  the  average 
time  duration  between  wave  packets.  As  the  experimental  parameters 
are  changed,  e.o.,  temperature  or  pressure,  the  wave  packet  will 
move  in  time  with  respect  to  the  reference  time-mark  pulses. 

"his  motion  of  the  wave  packet,  or  the  change  in  transit  time,  can 
be  measured  with  a high  degree  of  accuracy  fcy  further  expanding 
the  oscilloscope  sweep  to  display  only  a single  sine  wave  peak 
to  be  compared  to  the  reference  time-mark  pulses,  Fig.  (8). 

With  the  transition  time  known,  the  speed  of  ultrasound  in 

2 f 

the  sample  is  calculated  from  r = ° , where  C = sound  speed, 

s t s 

l = lenqth  of  the  sample  at  zero  pressure  (1  atm  ) , and  t is  the 
measured  transit  time.  However,  as  the  sample  undergoes  hydro- 
static compression,  the  sample  length  is  no  longer  equal  to  l . 
Rather  the  lenqth  is  then  ■ - where  l(p)  , the  length  under 

pressure,  is  related  to  the  original  length  l by  the  function 
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y(p);  y(p)  a 1.  The  function  v(p)  is  calculated  using  the  method 
of  Cook'3,  described  below.  Assuming  equal  compressibility  in 


all  directions,  as  expected  for  a glass,  K^,  the  isothermal  compress- 
ibility is  related  to  the  adiabatic  compressibility,  Ks,  by 


v = -3  ii\  = vv  =z21 

KT  " t.  3pj  s ' 3P  / 

9 T c 


(1) 


where  y is  the  ratio  of  specific  heats. 
If  the  initial  density  is 


m = m 
7o = ; 


Do  ■ V = "3 


then  p(P)  = p y (P)  . 

o 


*''ov’  the  sound  speed  for  lonqitudinal  waves  is  given  by 

2 

v;m  -k..  <p  -^T7.  ...2 
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where  is  the  shear  modular  and  t^(P)  is  the  measured  transit 
time  of  longitudinal  waves  in  the  sample  as  a function  of  pressure 

and  2 _ 1_  o 

Vs  ~ P(P)  Us  ~ 2 2,^. 

y(P)  t (P) 
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where  ts(P)  is  the  measured  transit  time  of  shear  waves  in  the  sample 
as  a function  of  pressure  . 


Equations  1,  2,  and  3 can  be  combined  to  give 

'P  ~ fP  Ti  , *1-1 

dy ( P) dP  = — 
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'Hie  function  y (P)  can  then  be  calculated  from  the  measured 
transit  times  for  both  shear  and  longitudinal  sound  waves.  And, 
in  turn,  the  isothermal  and  adiabatic  compressibilities 
as  well  as  several  other  properties  may  be  determined,  with  only 
V as  an  assumed  parameter. 
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2T  . Compressibility 

As  a complement  to  the  acoustical  measurements  of  the 
conation  of  state,  seoarate  direct  measurements  of  the  compressibility 
and  thermal  expansion  were  undertaken. 

Since  glass  is  an  isotropic  solid,  it  ir  sufficient  to  measure 
the  chanqe  in  length  of  the  solid  under  pressure  to  calculate 
the  compressibility.  There  are  a variety  of  techniques.  Rridqman, 
in  the  majorit"  of  his  measurements  at  lower  pressures,  used  a 
linear  potentiometer  technique  l4  . Rtrain  qauqp  techniques  have 
have  also  been  used1^.  Recently  differential  transformer  techniques16"21 
have  been  used  to  measure  linear  dilation  because  the  instrumentation 
is  somewhat  less  complicated. 

A linear  variable  differential  transformer22  ( LVDT ) was  used 
to  measure  the  chanqe  in  lenqth  of  the  qlass  under  hydrostatic  pressure, 
"'he  rims’  and  sample  holder,  as  shown  in  Fiq.  Q,  were  placed  inside 
a lo  kbar  pressure  apparatus  of  the  Bridgman  design  using  nitrogen 
gas  as  the  pressure  me  ium.  The  sprinqloaded  copper  plunger 
directlv  followed  the  relative  change  in  length  of  the  sample  as 
compared  to  the  iron  sample  holder.  The  plunqer  was  connected 
to  the  magnetic  core  of  the  T,VDT.  As  the  sample  length  decreased, 
relative  to  t^e  linear  compression  of  the  sample  holder,  the  LVDT 
core  moved  and  the  output  from  the  LTOT  was  chanqed.  The  screw 
section  at  the  bottom  of  the  sample  holder  allowed  different  size 
samples  to  be  measured.  With  the  exception  of  the  PaCl  calibration 
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sample,  the  samples  used  in  this  investigation  were  2 cm  long. 

,nhe  sprinq  at  the  top  of  the  sample  holder  held  the  L'^DT  in  dace. 

Primary  excitation  of  the  LVDT  at  2.5  kHz  and  amplification 
and  detection  o+  the  output  was  provided  by  a standard  Schaevitz 
Fngireering  Model  No.  CAS  2500  siqnal  conditioner.  The  output 
from  the  siqnal  conditioner  and  from  the  manganin  pressure  qauqe 
were  simultaneously  displayed  on  an  x-y  recorder. 

The  apparatus  was  calibrated  by  measuring  the  linear  dilation 
of  NaCl,  CKl  , KBr,  and  KT  sinqle  crystals,  'nhe  compressibilities 
of  the  chalcoqenide  glasses  were  then  calculated  by  interpolation. 

The  thermal  expansion  was  measured  in  an  analogous  method 
to  the  measurement  of  compressibility.  The  LVDT  was  directly 
calibrated  with  a micrometer,  since  the  chanqe  in  length  for  a 
temperature  shift  of  10°C  is  much  less  than  the  change  in  lenqth 
*or  a pressure  chanqe  of  1 kbar,  the  measurement  was  considerably 
less  satisfactory. 

'"he  sample  was  placed  inside  a quartz  sample  holder  with  a 
ouartz  plunger  connected  to  the  LVDT.  One  end  of  the  quartz 
sample  holder  was  in  an  oil  bath,  the  other  with  the  LVDT  was  at 
room  temnerature.  Using  this  technique  the  thermal  expansion  of 
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As^se,  was  measured  on  the  heatinq  cycle  to  be  1.9+0. 2 x 10  C. 

The  thermal  expansion  of  Te15Ge3As2  was  measured  to  be  1.6+0. 2 x 10 
o-l  . 23 

C . S.  F.  Chistov,  et.  al.  measured  the  thermal  exapnsion  of 
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^he  nlass  transition  temperature  , ^ , is  aenerallv 

q 

observed  b”  chanqps  in  a vide  variety  of  properties:  viscosity, 

?8  29 

thermal  expansion  coefficient,  heat  capacity  (DTA)  , compressibility  , 

dielectric  oroperties  ' , Mossbauer  line  width”*  , HV.P."'*'  and  sound 
oo 

speed  . The  procedures  near  the  end  of  the  list  tend  to  qive  a 

. . 25 

hiqher  T than  the  others  because  of  the  well-known  restriction 

q 

that  T varies  according  to  the  duration  of  the  experiment  and 

q 

the  duration  is  essentially  the  neriod  of  the  hiqh  frequency  siqnal 
used,  sav,  in  dielectric  constant  or  acoustic  experiments  in 
contrast  to  D^a  measurements  which  require  several  minutes.  However, 
there  are  indications  of  the  "dc"  transition  even  in  meqaHertz 
acoustic  measurements  as  close  inspection  of  the  data  of  Titovitz 
and  coworlers2"  will  reveal.  Furthermore,  the  hiqher  " obtained 
in  short  duration  exoeriments  shifts  with  composition,  pressure, 
etc.,  parallel  with  the  conventional,  low-frequency  transition 
temperature'  . It  therefore  seems  possible  to  use  the  high- 
frequency  techniques  for  tv,r>  determination  of  as  reliably  as 
any  other.  One  must  also  exoect  to  vary  when  the  thermal  history 
of  the  sample  varies. 

We  describe  here  a technique  for  the  determination  of 

using  an  acoustic  siqnal  but  avoiding  any  measure  of  the  sound 

speed.  Instead,  the  re^l^ction  coefficient  R , at  a quartz-sample 

,14 

interface,  is  observed 


I 
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The  sound  speed,  c,  for  an  isotropic , fluid  medium  is  given  by 

c -y  i/ckb  '■ 

while  the  acoustic  impedance,  7,  is 


where  p is  the  density  and  K the  adiabatic  compressibility. 

s 

Chanqes  in  densitv  and  compressibility  at  T cause  the  changes  in 

9 

c reported  by  Iitovitz^.  Clearly,  changes  must  also  occur  in  7. 

75 

Sound  speed  measurements  recuire  knowledge  of  the  sample  dimensions, 
samole  size  sufficient  for  a measurable  delay,  as  well  as  flat 
parallel  ends  so  that  precise  measurements  in  the  neighborhood  of 
a phase  change  are  often  difficult.  Relative  impedance  measure- 
ments, on  the  other  hand,  require  only  one  flat  face,  and  a signi- 
ficantly smaller  sample. 

The  amplitude  reflection  coefficient  R is  given  by 
R = (7, ] - 7?)/(71  + 7.?)  , 

where  7 is  the  impedance  of  the  material  in  which  the  signal  is 

transmitted  and  7 the  impedance  of  the  sample  from  which  the  signal 

is  reflected.  Since  7 and  any  bonding  effects  are  all  chosen  to 

be  smooth,  slow  functions  of  temperature  any  variation  in  R must 

be  due  to  chanqes  in  the  sample  at  T . 

9 

In  a qlass  there  are,  of  couce, contributions  to  c and  7 from 
35 

the  shear  modulus  but  the  essential  observability  of  T remains. 

g 

^ig.  10  shows  a sketch  of  the  apparatus.  The  sample,  at  P, 
is  an  irregular  chip  (when  solid)  polished  only  at  the  face  which 
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is  sealed  to  the  ouartz  or  AT  delay  line  C hv  some  bondina  material 
fe.q.,  s i 1 icore  oil)  at  r.  with  those  qlasses  for  which  the 
licuid  state  is  casilv  accessible,  such  as  glycerol,  a tube  is 
sealed  on  top  of  the  quartz  and  the  sample  poured  in.  No  bond 
at  R is  required  and  a sliaht  uilt  of  the  whole  aDparatnr'  prevents 
’•cf lections  at  the  uoper  surface  of  the  liquid  from  interferina 
with  reflections  at  R.  mhe  transducer  C is  sealed  onto  the 
cuartz  at  D.  A blocb  diaqran  of  the  annaratus  is  shown  in  Fiq. 

11  'T'hc  hi<lh  frecuency  siar.nl  is  generated  by  the  A.hrenberq 
iilsed  oscillator.  ''’hn  longitudinal  sound  wave  is  generated 
at  the  transducer,  traverses  the  qucrF-  rod,  is  reflected  at  the 
quartz-sample  interface  and  returns  to  the  transducer  for  detection. 
'T’he  pulse  is  amplified  and  detected.  The  pulse  due  to  the  trans- 
mitted pulse  is  gated  out,  and  the  maximum  amplitude  of  the 
reflected  pulse  is  peaV  detected.  A dc  voltaqe  proportional  to 
the  amplitude  of  the  reflected  oulse  is  applied  to  the  xy  recorder 
and  plotted  aqainst  the  sample  temperature  measured  by  a thermocouple 
^he  quartz  delay  1 ine  and  sample  are  temperature  controlled  vith 
eouiment  appropriate  to  the  substances  heing  studied.  For  the 
high  pressure  work,  the  quartz  delay  line  is  mounted  inside  a 
heater  wound  on  a soapstone  cylinder  and  insulated  bv  another 


soapstone  cvlinder. 
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As  another  approach  to  the  desire  to  measure  the  glass  transition 
with  experimental  times  of  ultrasonic  frequencies  (eg  sec.),  an  apparatus 
was  built  to  enable  measurement  of  sound  velocity  of  the  glasses  in 
their  melts.  The  apparatus  is  shown  in  Fig.  lib.  It  is  constructed 
from  fused  quartz.  It  is  basically  the  same  delay  line  configuration 
as  in  the  reflection  experiments  except  there  isa reflector  opposite 
the  end  of  che  delay  line.  'rhe  ultrasonic  wave  should  be  generated 
at  the  ultrasonic  transducer,  propagate  through  the  delay  line,  into 
the  sample,  be  reflected  off  the  other  piece  of  quartz,  travel  both 
through  the  sample  and  delay  line,  and  be  detected  by  the  tranducer. 
Unfortunately,  this  experiment  has  not  yielded  any  data  as  yet.  The 
molten  glasses  refuse  to  wet  the  end  of  the  quartz  rod  sufficiently 
well  to  propagate  a signal  through  the  sample  material. 


?F . Ar  and  DC  ronductivity 


Amona  the  measurements  to  bo  made  in  thin  experimental  nroqrain 
ir,  the  conductivity  an  a function  of  pressure,  temperature, 

frequency,  and  sample  composition. 

As  the  cond"Ctivities  displayed  by  these  materials  are 
fairly  lov,  one  maior  problem  encountered  is  due  to  sample  con- 
ductances be. inn  exceeded  by  leabaqe  conductances  in  leads  where 
the  loads  are  taken  in  a broad  sense  to  mean  the  whole  conductive 
path  between  the  sample  and  measuring  instrument. 

mhe  samples  have  been  made  in  a sandwich  type  geometry  where 
the  dimensions  have  varied  somewhat  with  sample  conductivity. 

Thus , the  samples  are  effectively  lossv  capacitors.  For  samples 
with  high  conductivity,  the  samples  were  qround  to  a long  thin 
shape  approximately  1 cm  long  and  with  a surface  area  of  approximately 
10-1  cm2  and  the  contacts  were  applied  to  the  small  surfaces  o.i 
the  ends  of  the  sample.  For  lower  conductivity  materials,  the 
samples  were  around  to  a wafer  shape  with  a thickness  ranging 
fromO.06  to  O.dR  cm  and  a surface  area  of  from  0.60  to  0.B0  cm. 

The  contacts  here  were  applied  to  the  large  surfaces  on  either 
side  of  the  sample.  In  several  instances  measurements 

were  made  on  a long  sample  and  a wafer  shaped  sample  having  the 
same  composition.  In  these  cases,  the  calculated  conductivities 

agreed  within  a very  few  per  cent. 

A number  of  different  types  of  contacts  have  been  tried, 
primarily  silver  conductive  compounds  such  as  are  sometimes  used 
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in  screen  painting  of  printed  circuit  hoards.  Tn  addition,  some 
measurements  were  attenuated  usinq  a carbon  comoosition;  however, 
the  data  obtained  from  this  sample  did  not  conform  to  that 
obtained  from  the  samples  usinq  silver  comoosition  and  the  dc 
data  also  indicated  rectifying  behavior  at  the  contacts,  t’pon 
examination  of  the  sample  after  cycling  to  pressure,  these  carbon 
contacts  were  *V>und  to  be  onlv  loosely  attached  and  easily  flaked 
off.  A number  of  the  silver  compounds  did  not  adhere  too  well  to 
the  sample  surfaces  after  curinq  and  gave  results  which  weren't 
repeatable  when  cycled  in  pressure.  nie  comoound  which  we  finally 
settled  on  is  manufactured  by  Acheson  Coll  ids  Company  under  the 
trade  name  of  Plectrodag  415.  This  particular  material  gave 
repeatable  results  in  most  cases,  and  the  few  occasions  on  which 
problems  were  encountered  were  probably  due  to  improper  cleaning 
of  the  sample  before  application  of  the  contact. 

In  addition  to  the  silver  and  carbon  conductive  compounds, 
evaporation  of  silver  onto  the  samples  under  vacuum  was  tried; 
however,  the  results  did  not  differ  from  those  obtained  with 
Flectrodag  415  and  therefore,  due  to  the  difficulty  of  this 
procedure,  it  was  abandoned. 

It  should  be  noted  at  this  point  that:  the  original  reason 
for  attempting  to  use  carbon  electrodes  was  the  observation  by  a 
number  of  investigators  that  some  contact  materials  tended  to 
diffuse  into  the  samples  causing  changes  in  the  electrical  properties 
with  time.  Among  the  offending  materials  were  silver  and  gold. 
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Primarily  these  problems  wrrr  noted  in  thin  film  investigations. 

In  this  lah,  however,  measurements  over  several  weeks  with  samples 
having  silver  electrodes  have  shown  no  changes  with  tim^  even 
when  taken  to  temperatures  fairlv  close  to  the  softening  point. 

Tn  one  set  of  measurements  where  the  temperature  was  taken  very 
close  to  the  softening  temperature,  small  changes  were  observed; 
however,  they  are  believed  to  have  been  due  to  partial  crystallization 
of  the  sample  on  the  surface. 


The  dc  conductivity  was  measured  by  standard  techniques. 

The  ac  conductivity  was  measured  bv  two  different  systems.  For 

5 

frequencies  between  10  and  10  Vz,  a Wavetek  model  114  signal 
generator  was  used  to  apply  a voltage  across  the  sample  and  a 
known  resistance  in  series.  A P.A.R.  model  12P  lock-in  amplifier 
was  then  used  to  determine  the  voltaqe  across  the  sample  which 
was  in  phase  with  a known  voltage  across  known  resistances.  Then 
the  voltage  across  the  resistor: 
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however,  the  current  through  the  sample: 
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where  the  vector  signs  indicate  complex  quantities. 


Tf  it  is  also  desired  that  the  sample  capacitance  be  known. 


the  quadrature  phase  for  V may  be  measured  to  obtain: 
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For  frequencies  from  10  to  10  Fz,  a Wavne  Kerr  model  P 602 
Fniversal  RF  bridge  was  used  to  measure  sample  capacitance  and 


conductance. 


A comment  about  a possible  source  of  error  in  the  hiqh 
pressure  measurement  of  conductivity  and  capacitance  is  in  order 
b>cre . In  makinq  a measurement  of  the  impedance  or  resistance  of 
a sample  in  a hioh  pressure  vessel,  the  leads  from  the  instrument- 
ation to  the  sample  must  pass  through  the  massive  metallic  wall 
of  the  pressure  vessel  in  some  manner  so  as  not  to  be  extruded 
by  the  internal  pressure.  This  is  accomplished  by  supporting  the 
electrical  lead  aaainst  the  hiqh  Pressure  with  some  dielectric 
material  which  is  impermiable  to  the  pressure  medium.  The  ideal 
material  electr’callv  would  be  a perfectly  lossless  material  with 
a very  low  dielectric  constant;  however,  the  necessary  mechanical 
properties  impose  a number  of  constraints.  The  materials  most 
often  used  are  boron  nitride  and  a naturally  occuring  material 
called  pipestone  (catlinite) . For  this  research,  pipestone  has 
been  used  exclusively  for  the  electrical  measurements  because 
although  its  electrical  properties  are  unknown,  it  is  superior 


« 


i 
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mechanically  in  our  experience  to  boron  nitride  and  matches  boron 

m ride  electrically  in  use.  The  two  olectrical  *ood  throuqhs 

for  the  leads  to  the  sample  act  as  two  impedances  in  series  shuntinq 

the  sample  impedance.  Tare  must  thus  he  observed  to  see  that  the 

complex  conductances  of  these  feedthrouqhs  are  neqliqihle  with 

respect  to  that  of  the  sample  or  that  measurements  from  each  of  the 

1-ads  to  q round  are  measured  so  that  calculated  corrections  may  be 
made . 

F°r  th''  "C  measurements , the  resistance  of  the 

leads  was  of  the  order  of  10^  o nr  , 

n or  hctter  whereas  the  sample 

resistance  was  of  the  order  of  n at  room  temperature,  mhe 
of  temperature  and  pressure  on  the  leads  was  negligible 
except  in  the  case  of  total  failure  due  to  the  eventual  extrusion 
of  the  dielectric.  It  was  thus  necessary  only  to  Chech  before  and 
after  each  run  to  determine  that  the  feedthrouqhs  were  in  „ood 

order,  for  the  low  frequency  ac  measurements,  the  real  conductance 

Of  the  feedthrouqhs  was  far  below  that-  n« 

OV  tnat  of  the  sample  conductance 

on  all  measurements  made.  Due  to  t*«  f,n„ro  . 

- ra  lurp  to  observe  anv  freouenev 

dependent  conductivity  in  the  early  measurements,  and  since  frecuency 
dependent  conductivity  is  more  easily  observed  the  hiqhor  the 
frequency,  it  was  decided  to  abandon  the  low  frequency  technique 
until  the  measurements  with  the  Wayne-Kerr  tridqe  should  indicate 

the  probability  of  observing  some  frequency  dependence  in  a sample 
flt  the  lower  frecuencies . 
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Kith  the  Wavnc  Kerr  bridge,  the  shurtinn  effect  of  the  pressure 
feedthroughs  is  corrected  through  the  techninue  known  as  three- 
terminal  measurements  which  provides  for  the  mathematical  correction 
of  the  instrument  measurements  to  account  for  impedances  which  shunt 
the  measurement  terminals  to  the  neutral  terminal,  "'his  neutral 
terminal  is  attached  through  the  cable  shields  to  the  pressure  vessel. 
At  this  point,  a description  of  the  limitations  of  the  Kavne  Kerr 
bridge  and  the  correction  methods  which  are  used  to  correct  the 
instrument  readings  is  in  order. 

The  Kayne  Kerr  bridge  with  its  wide  frequency  range  is  to  some 
extent  a comnromise.  It  is  a transformer  ratio-arm  bridge  which  has 
three  internal  standards,  a conductance  standard,  a capacitance 
standard  and  an  inductance  standard.  In  measuring  a reactive 
component,  one  has  the  choice  between  the  capacitance  or  the  inductance 
standard.  In  a transformer  ratio-arm  bridge  such  as  the  Wayne  Kerr 
bridge,  ac  signals  are  sent  from  a source  to  detector  through  the 
standards  and  through  the  unknown,  "’he  signals  from  the  source 
are  coupled  by  transformers  through  the  three  paths  (unknown,  con- 
ductance standard,  and  reactance  standard)  so  that  they  cancel  one 
another  out  at  the  detector  when  the  bridge  is  balanced. 

In  the  Wayne  Kerr  bridge,  there  are  three  means  of  changing 
this  transformer  coupling.  The  first  is  determined  by  the  manner 
in  v.bich  the  unknown  is  connected  to  the  bridge;  there  are  two 
modes,  one  in  which  unknowns  with  high  impedances  are  measured 
directly  as  described  above — the  other  in  which  the  shunting  effect 
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of  the  unknown  in  a "'-network  with  two  known  resistors  is  determined, 
"'hi"  second  mode  is  *or  very  low  impedances  and  is  of  no  interest  in 
the  present  investiaation.  In  the  standard  direct  measurement 
mode  (called  the  parallel  bridoe  mode  because,  the  unknown  conductance 
and  reactance  are  determined  as  if  the  unknown  was  a parallel 
combination  of  a perfect  resistor  and  a perfect  capacitor  or  inductor), 
there  are  *ive  possible  ways  to  connect  the  sample  to  three  pairs  of 
terminals,  each  havinq  a different  order  of  maqnitude  of  coupling. 

For  each  o*  nhe  standards  (the  conductive  and  the  reactive) , there 
are  two  means  of  varying  the  transformer  coupling.  A set  of  five 
switches  provides  for  discrete  changes  j.n  the  coupling  as  w’ell  as 
the  choice  between  the  caoacitive  and  the  inductive  reactance  standards, 
n'or  each  of  the  two  standards  being  used  there  is  one  switch  which 
provides  for  normal  or  reversed  coupling  and  one  which  provides 
for  a choice  between  a coupling  factor  of  1 or  10.  In  addition  to 
this  discrete  coupling  variation  for  the  standards,  the  coupling 
of  each  may  be  chanced  in  a continuously  variable  manner  by  a 
device  called  a maqnetic  potentiometer.  "Tie  magnitudes  of  the  sample 
conductance  and  capacitance  or  inductance  are  determined  from  the 
terminals  the  unknown  is  connected  to  and  the  positions  of  the  five 
switches,  and  the  exact  values  are  determined  from  scales  on  the  two 
magnetic  potentiometers  when  the  bridge  is  balanced.  Atlhough, 
at  the  inception  of  this  program  a very  high  ac  conductivity  was 
expected,  it  was  soon  observed,  to  be  extremely  small.  For  this  reason, 
the  ability  to  measure  very  small  dissipation  factors  or  loss  tangents 
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became  very  important.  This  is  true  because  the  solution  for  a 
current  distribution  problem  is  the  same  mathematically  as  that 
for  the  analogous  electrostatic  potential  distribution  problem 
except  that  conductivity , a,  is  substituted  for  dielectric  constant, 
e.  'rhis  means  that,  for  a qiven  ratio  of  a/e  regardless  of  sample 
geometry,  we  will  have  a given  ratio  of  sample  conductance  to  sample 
capacitance  , i.e.  a given  loss  tangent. 

Thus  to  calculate  the  minimum  level  of  ac  conductivitv  observable 

with  the  Wavne  Kerr  bridqe,  it  is  necessary  to  calculate  the  ratio 

of  minimum  conductance  standard  coupling  to  maximum  canacitance 

standard  coupling  for  the  bridge.  The  minimum  level  of  conductance 

standard  coupling  if  obtained  by  use  of  the  X10  position  of  the 

conductance  multiplier  switch  (this  divides  conductance  indications 

by  a factor  of  10)  and  by  a minimum  reading  on  the  conductance 

magnetic  potentiometer.  The  least  count  is  1*.  of  full  scale  and 

although  interpolation  to  1/10  of  a least  count  is  possible,  the 

least  count  may  be  considered  the  minimum  useful  reading.  We  thus 
. -3 

obtain  a counling  of  ln  as  the  smallest  for  the  conductance 
standard.  The  maximum  coupling  for  the  capacitance  standard  is 
obtained  by  use  of  the  XI  position  of  the  capacitance  multiplier 
switch  and  by  a full  scale  reading  on  the  capacitance  magnetic 
potentiometer.  'T"his  gives  a coupling  factor  of  1 for  the  capacitance 
standard.  The  ratio  of  conductance  standard  to  capicitance  standard 
in  the  Wayne  Kerr  bridge  is  lOyu/lpF.  Thus  the  minimum  measurable 

4 

ratio  of  sample  conductance  to  sample  capacitance  is  10  v/F. 

Since  the  dissipation  factor  is  given  by: 
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the  minimum  dissipation  factor  is  freouency  dependent  and  ranqes  from 

-25  -47 

1.59.10  at  10  Hz  to  1.59.10  at  10  Hz. 

In  addition  to  this  basic  limitation,  a number  of  other 
experimental  problems  have  been  encountered  in  the  use  of  the  Wayne 
Kerr  bridqe  which  have  only  recently  been  understood  well  enough 
to  approach  this  measurement  limit.  Due  to  the  verv  small  values 
of  conductivity  which  are  to  be  measured,  anything  affecting  the 
conductivity  measurement  at  all  will  constitute  an  unacceptable 

4 

amount  of  error. 

The  bridqe  v-as  primarily  designed  to  make  measurements  of  devices 
or  circuits  attached  with  verv  short  leads  to  the  bridge.  Due  to 
the  hazards  involved  in  high  pressure  investigations,  this  was  not 
acceptable  in  this  program.  The  literature  which  was  supplied  by 
Wayne  Kerr  with  the  bridge  did  not  provide  any  information  concerning 
♦-he  use  of  cables  between  the  bridge  and  the  element  to  be  measured 
other  than  a development  of  the  three  terminal  correction  method. 

When  this  correction  alone  was  applied  to  data  taken  with  cables, 
it  improved  the  data,  but  did  not  fully  correct  the  errors.  Upon 
inquiry  concerning  the  use  of  cables  with  the  bridge,  the  manufacturer's 
service  representative  suqgested  measurements  of  samples  at  the 
bridqe.  and  at  the  ends  of  the  cables  and  correlations  of  the  results 
by  means  of  a graph  or  chart.  He  further  noted  that  this  would  be 
necessary  with  each  sample  being  measured  since  there  would  be  both 
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conductive  and  reactive  components.  Due  to  the  expected  and 
observed  variations  due  to  temperature  and  pressure,  this  procedure 
would  he  inapplicable  for  many  of  the  measurements  to  be  made.  It 
thus  a opeared  that  to  follow  this  recommendation  would  necessitate 
measurements  of  a tremendous  number  of  capacitor  and  resistor 
combinations  to  cover  the  ranqe  of  possible  sample  measurements 
under  experimental  conditions. 

In  order  to  better  understand  the  errors  involved  and  try  to 

develop  some  systematic  correction  calculation  which  would  not  reouire 

the  infinity  of  characterization  measurements,  calculations  were 

made  of  the  effect  of  cables  on  siqnals  passinq  through  them. 

These  calculations  showed  that  with  perfectly  lossless  cables  and 

with  a perfect  mismatch  between  the  cable  impedance  and  sample 

impedance,  the  signal  reflections  from  the  cable  sample  interfaces 

would  cause  a magnitude  error.  *his  magnitude  error  is  approximately 

ecfual  to  the  product  of  the  secants  of  $ and  <t> . where- 

e 1 

* . *!»1l  and 

e v iv 

where  ?e  and  t are  the  lengths  of  the  two  cables,  v is  the  signal 
frequency,  and  v is  the  propogation  velocity  in  the  cable.  This 
magnitude  error  thus  increases  with  cable  length  and  frequency 
and  is  less  for  cables  with  higher  wave  propagation  velocities. 

If  the  imperfect  reflection  at  the  sample-cable  interfaces  is  taken 
into  account,  there  will  be  slight  phase  shifts  from  one  end  of  the 
cables  to  the  other.  This  phase  shift  will  cause  a pure  capacitance 
to  appear  to  the  bridge  as  a capacitance  shunted  by  a conductance, 
and  the  magnitude  of  the  spurious  conductance  indicated  by  the  bridge 
will  be  approximately  a linear  function  of  frequency  for  fairly 
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short  cables.  Pv  mmans  of  a computer  proqram  the  three  terminal 
correction,  correction  of  the  magnitude  shift  due  to  reflections 
at  samnle-cable  interfaces,  and  a correction  for  the  spurious 
conductance  due  to  phase  shifts  caused  by  the  imperfect  reflections 
at  the  sample-cable  interface  were  computed.  'T'hese  corrections  made 
a q*-eat  deal  of  improvement  in  the  data,  and  it  was  believed  for  a 
while  that  they  were  sufficient;  however,  it  was  discovered  that  there 
was  a further  phase  shift  due  to  losses  in  the  cables.  The  losses 
which  cause  this  phase  shift  are  so  small  that  it  would  be  impossible 
to  measure  t^em  to  the  accuracy  required  for  a good  correction  of  the 
data. 

A number  of  other  sources  of  error  have  been  observed  which  would 
be  of  little  or  no  consequence  in  measuring  larger  dissipation  factors. 
It  has  been  observed  that  when  a capacitor  is  measured,  the  bridge 
indicates  a neqative  conductance  component.  As  this  result  is 
obviousely  unacceptable,  a determination  has  been  made  of  the  apparent 
conductance-capacitance  relation  for  a variety  of  ceramic  capacitors 
at  a variety  of  frequencies.  Points  were  fairly  closely  grouped 
for  any  given  capacitance  for  a given  frequency  and  bridge  range  and 
they  followed  a fairly  simple,  although  not  linear,  curve.  For  low 
freouencies  there  is  almost  no  deviation  from  zero  for  these  curves; 
however,  at  the  two  highest  frequencies  used  (4.65MHz  and  10MHz) , there 
is  a rather  marked  deviation  from  zero  and,  especially  at  10MHz, 
there  is  a great  deal  of  curvature.  The  deviation  from  zero  indicates 
that  for  these  frequencies  the  standards  in  the  bridqe  are  not  per- 
fectly trimmed.  This  is  not  unexpected  as  there  are  only  two  trim 
controls  for  each  standard  with  which  to  get  the  best  trim  compromise 
for  the  large  frequency  range  that  is  covered.  The  curvature  of  the 
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G vs.  C plot  however  is  an  indication  that  some  of  the  transformers 
are  saturating  and  che  effective  coupling  is  changing  slightly. 

'T’his  would  exDlain  the  earlier  problem  encountered  in  the  attempts 
to  determine  the  series  resistances  and  stray  inductances  of  the 
matching  transformers. 

'Tie  measurements  of  the  conductance  versus  capacitance  of  the 
capacitors  was  made  with  the  cables  and  pressure  head.  Since  it  was 
known  at  this  time  that  aiy  observed  frequency  dep< ndant  conductivity 
would  be  very  small,  it  was  decided  to  return  to  the  oriqinal  suggestion 
of  the  manufacturer's  representative  and  use  a graph  to  correct 
the  results.  The  number  of  qraphs  required  would  only  depend  on  the 
number  of  different  frecruencies  and  different  bridge  ranges  used 
and  would  not  depend  on  the  sample  conductance.  Further  the  number 
of  bridge  ranqes  could  be  limited  very  much  by  arranging  to  make  the 
samples  with  a given  capacitance.  For  this  correction  purpose,  it 
was  decided  to  use  capacitors  as  standards.  The  G vs.  C points 
were  plotted  on  the  ranqe  to  be  used  for  sample  data  taking.  Lines 
were  then  drawn  very  close  to  these  points  just  on  the  low  loss  side. 

This  line  was  then  used  as  the  zero  conductivity  line  to  be  subtracted 
from  sample  conductance  readings  taken  with  the  bridge.  In  this  manner, 
the  capacitors  are  heing  used  and  considered  as  a perfect  capacitance 
standard.  As  the  same  time,  the  three  terminal  correction  and  corrections 
for  phase  shifts  (all  at  atmospheric  pressure  and  rcom  temperature) 
are  being  made  automatically. 

,rhere  is  a small  but  noticeable  shift  of  the  G vs.  C values  with 
pressure.  This  (and  any  similar  shift  for  temperature  changes) 
must  be  taken  into  account  separately.  It  has  been  found  possible 
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to  make  a pressure  run  with  a capacitor  and  observe  the  shift  of  the 
G vs.  C calibration  curve  with  pressure.  There  is  a negligible 
shift  in  capacitance  for  these  capacitors  with  pressure  and  it  is 
helievt'*  that  there  should  be  no  change  in  the  conductivity  either. 

Thus,  any  change  in  the  measured  conductivity  of  a capacitor  should 
be  due  to  changes  in  the  three  terminal  errors  or  to  changes  in  the 
pressure  transmitting  fluid  with  pressure.  >\s  the  capacitor  leads 
do  not  present  as  much  surface  area  for  interaction  with  the  pressure 
fluid  as  do  the  samples,  measurements  au  planned  to  investigate  this 
possibility.  Presently  measurements  are  being  made  to  look  for  any 
shift  in  the  G vs.  r calibration  curve  with  temperature. 

Correction  of  sample  data  by  means  of  the  G vs.  C calibration 
curve  for  the  same  conditions  of  temperature  and  pressure  corrects 
for  all  known  errors  except  for  the  magnitude  error  which  is  due  to 
the  reflections  at  the  sample-cable  interfaces.  This  correction  has 
been  determined  bv  making  measurements  of  a capacitor  (with  approxi- 
mately the  same  imoedance  as  a sample)  at  the  bridge  and  then  at 
the  ends  of  the  cables  and  determining  the  ratio  for  each  frequency 
of  the  two  measured  impedances.  This  ratio  should  not  be  too  sensitive 
to  pressure  or  temperature  for  a given  set  of  cables  if  the  sample 
impedance  does  not  change  too  much. 

It  is  believed  that,  with  these  corrections  in  hand,  the  accuracy 
of  measurements  for  all  experimental  conditions  in  the  present  apparatus 
with  low  loss  samples  will  approach  the  accuracy  which  could  be 
expected  of  measurements  with  the  bridge  alone. 
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Respite  the  obvious  difficulties  in  determininq  and  applyinq 
the  corrections  described  above  reliable  data  can  be  (and  is  beinq) 
obtained . 


I 


3.  Acoustic  Results 

The  techniques  described  in  Sec.  2.C.  were  used  to  obtain 
transit  times  which  were  then  analysed  as  described  in  that  section. 
Calculations  made  usinq  measured  values  of  the  transit  times  are 
tabulated  in  Table  II.  In  all  cases  of  chalcogenide  qlasses 
studied,  the  transit  times  for  both  shear  and  lonqitudinal  waves 
displayed  quadratic  behavior  over  the  range  of  pressure  from  0-8  Kbar. 
The  columns  in  Table  II  are  the  following,  from  left  to  riqht.  L/L 

o 

is  the  ratio  of  the  length  under  pressure  to  the  original  length 
(i.e.  1/y (P) ) . V/V  is  the  ratio  of  the  volume  under  pressure  to 
the  oriqiral  volume.  V/Vq ^ is  V/V^  as  calculated  usinq  the  Murue.ghan 
equation^ . 

8b 

where  -^)  ^ is  the  pressure  derivative  of  the  Bulk  Modulus  evaluated 

at  P=Q.  The  Muruaghan  Fq.  has  been  used  successfully  to  predict  V/V  at 

o 

higher  pressures  based  on  measurements  taken  at  modest  pressures. 

DBDP  in  Table  II  is  the  value  of  9B/3P)  evaluated  at  P = 0 

T 

Kappa  is  <T.  Pressure  is  written  in  Bars.  VL  and  VS  are  longitudinal 

and  shear  velocities  respectively.  Y-Mod  is  Youngs  Modulus,  Shear-Mod 

is  the  shear  modulus.  Theta  is  the  Debye  temperature  in  degrees 

37 

Kelvin.  The  Debye  temperature  was  calculated  from 

p m Jh  , 3QAp  1/3 
D Kg  12p566M  vave 

where  h is  Planks  constant;  = Boltzman  constant;  A = AvogadroB 
number;  0 = number  of  atoms  per  molecule;  p = density;  M = molecular 
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vt • < vave  = average  velocity 


These  data  are  presented,  in  part,  on  the  following  graphs.  Though 
data  were  taken  from  25  to  100°C,  the  present  analysis  only  covers 
the  room  temperature  results. 

Fig.  12  shows  the  ratio  V/VQ  for  5 alloys  calculated  from 
Cooks  analysis  (solid  line)  and  from  the  Murnaghan  eguation  (dotted 
line)  as  a function  of  pressure  from  0 - 8 kbar  with  temperature  held 
constant  at  25  . The  heat  capacity  ratio  Y is  taken  as  unity. 

Fia.  13  shows  the  values  of  the  isothermal  compressibility  of 
five  chalcogenide  alloys,  calculated  using  Cork’s  analysis,  over  the 
range  of  pressure  from  0-8  kbar  with  the  temperature  held  at  25°C. 

The  shear  modulus  is  shown  in  Fig.  14  for  5 alloys.  The  curves 
shown  are  calculated  using  Cook's  analysis  over  the  pressure  range 
0-8  kbar  with  temperature  held  at  25°c. 

Young’s  modulus  is  plotted  in  Fia.  15  from  calculations  based 
on  Cook's  analysis  for  5 alloys  over  the  pressure  range  0-8  kbar 
with  the  temperature  held  at  25°C. 

In  each  case  one  notes  remarkably  different  behavior  as  the 
connectivity  is  changed.  Further  remarks  will  be  delayed  until 
after  the  isothermal  data  is  presented. 

The  apparatus  described  in  Sec.  2.D  for  measurement  of  isothermal 
comnressib.il ity  was  calibrated  by  measuring  the  linear  dilation  of 
NaCl,  KC1,  KBr,  and  KI  single  crystals  obtained  from  Harshaw  Chemical 
Company,  "’he  change  in  length  under  pressure  (Afc)  , as  well  as  the 
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lenqth  at  atmospheric  pressure  (?.  ) , were  measured  for  the  alkali 

halide  sinqle  crystals  and  for  the  glasses  at  room  temperature  of 

23°C.  Some  of  the  measured  quantities  are  shown  in  Fig.  16.  The 

data  shown  terminates  at  5 kbar  though  on  some  occasions  data  were 

taken  to  10  kbar.  Notinq  that  the  ratio  of  volume  change  under  pressure 

(£V)  to  the  atmospheric  volume  (V  ) can  be  approximated  by  3 

AV/V  was  calculated  for  the  glasses  by  an  interpolation  process 
o 

38 

using  the  data  of  Vaidya  and  Kennedy  > as  shown  in  Table  4,  for  the 
alkali  halides. 

The  compressibility  of  Vaidva  and  Kennedy  was  chosen  because  their 
measurement  is  the  most  recent  direct  measurement  of  the  compressibilities 
of  all  four  alkali  halides  chosen  for  calibration.  Unfortunately 
their  data  was  taken  in  a piston  cylinder  apparatus  to  45  kbar  so 
its  accuracy  is  Questionable  in  the  pressure  ranqe  considered  in  our 
experiments.  Nevertheless  it  seems  advantageous  to  use  data  taken 
by  one  set  of  investigators  usinq  a single  technique.  We  have  re- 
produced our  measurements  on  KBr  within  2%  in  two  independent  runs. 

Values  of  the  accumulated  change  in  lenqth  for  the  calibrant  were 
calculated  from  the  data  of  Vaidya  and  Kennedy  and  compared  with  the 
measured  accumulated  change  in  lenqth  of  the  calibrant,  as  expressed 
in  mV  output  from  the  I.VDT , at  every  0.25  kbar  between  1 and  5 kbar. 

Fiq.  17  shows  a typical  display  of  calibration  cata  showing  the  scatter 

in  the  alkali  halide  data  points.  A linear  interpolation  formula 
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was  fitted  to  the  four  points  by  a least  squares  technique  . The 
calibration  was  then  used  to  convert  measured  instrument  output  to  the 
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change  in  length  of  sample.  The  arrow  shows  the  measured  data  point 

-12  2 

for  Te^Ge  As^/  corresponding  to  a compressibility  of  5.8  x 10  cm  /dyne 
at  3 kbar. 

The  2%  reproducibility  of  the  KBr  data  together  with  the  internal 

consistency  of  a given  run  would  indicate  an  accuracy  ol  near  2% 

for  the  chalcogenide  data.  However,  the  inconsistencies  within  the 

alkali  halides  force  the  assignment  of  an  overall  accuracy  of  only 

5%.  ^he  calculated  values  of  AV/V  for  the  amorohous  chalcogenides 

o 

were  fitted  to  a quadratic  equation  bv  a least  squares  technique. 

The  constant  term  of  the  quadratic  fit  is  due  to  experimental  error 
in  determining  the  zero  point  in  the  measurement  of  the  change  of 
length.  The  accuracy  of  the  data  did  not  warrant  fitting  to  a third 
order  or  higher  equation.  The  data  for  the  glasses  is  in  Tatle  5 . 

mhe  isothermal  compressibilities  were  then  calculated  from  the 
expression 

J_  3v  1 . AV  . 

KT  ~ v 3p  1 (1  + AV/V  ) 3P  V nT 

T O o 

since  V = V + AV.  The  results  are  also  shown  in  Table  2.  The  error 
o 

in  the  compressibility  is  about  5%.  The  present  data  are  some  5* 

lower  than  the  adiabatic  compressibility  quoted  by  Chernov,  Dembovskii 

and  Chistov40  and  14%  lower  than  the  adiabatic  compressibility 

measured  in  this  lab  for  As  Pe3  at  atmospheric  pressure.  The 

numbers  which  are  calculated  both  for  AV/V  and  fur  k are  very 

O T 

sensitive  to  the  fitting  equation  chosen.  A third  order  fit  would 
change  the  extrapolated  atmospheric  pressure  compressibility  by  about 
2%.  The  compressibilities  are  shown  as  changing  linearly  v/ith  pressure 
because  of  the  ouadratic  fit  chosen  for  AV/V  . The  coefficient  of 
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P in  the  compressibility  indicates  that  the  compressibility  decreases 

with  pressure  for  Te15C’e3As2  and  AS2Se3  and  is  essentially  flat  for 

G15Ge2As3‘  'Cn  glasses,  both  increasing  and  decreasing  compressibilities 

have  been  observed  in  this  pressure  range.  SiC>2,  for  example,  shows 

an  increasing  compressibility  below  31  kbar16,41.  The  work  of  Weir 
4 2 

and  Shartis  on  the  compressibilities  of  alkali  borate  and  silicate 

glasses  demonstrates  the  more  common  decrease  of  compressibility  with 

increasing  pressure.  For  the  chalcogenide  glasses  considered  here,  the 

compressibilities  are  2-3  times  greater  than  those  of  the  silicate  glasses 

and  about  the  same  as  those  of  the  borate  glasses4"". 

There  was  no  permanent  densif ication  observed  at  room  temperature 

within  0.r>4%  in  the  chalcogenide  glasses  to  “knar  when  the  samples 

were  returned  to  atmospheric  pressure.  The  \tmospher ic-pressure  adiabatic 
„ . 35 

compressibility  of  '^'e^5<^e3As2  leads  to  a value  of  the  ratio  of 

of  1.04  which  is  also  the  heat  capacity  ratio  Cp/C  . Table  6 gives 

some  values  for  a variety  of  other  substances  for  comparison  purposes43. 

Though  the  5%  error  in  causes  the  last  digit  shown  for  the  semiconducting 

glass  to  be  susnect,  there  is  no  apparent  trend  which  sets  this  material 

apart  from  the  others  insofar  as  the  compressibility  is  concerned.  The 

fact  that  the  measured  k is  5%  less  than  the  quoted  k for  As  Se  is 

T S 2 3 

indicative  of  the  lack  of  accuracy  in  the  measurement. 


TABLED 


AV/Vq  for  alkali  halides 
Pressure  (P)  in  kbar. 


due  to  Vaidya  and  Kennedy. 


NaCl 

KC1 

KBr 

KI 


AV/Vq  x 103 

~ 4.273  P + .0466  P2 

- 5.4906  P + .0580  P2 
" 6*0351  P f .0535  P2 

- 7.886  P + .1129  P2 


* 
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TABLE  6 
for  a variety 


Te , ,Ge« As 
15  3 b2 

1.04 

Ge 

1.04 

Si 

1.01 

Si°2 

1.001 

KC1 

1.05 

K 

1.08 

of  materials 

Semiconducting  glass 
Semiconducting  crystal 
Semiconducting  crystal 
Insulating  glass 
Ionic  crystal 
Metallic  crystal 
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The  differences  between  acoustic  determinations  of  and  those 
based  on  direct  measurement  of  volume  changes  under  pressure  are  display- 
ed most  clearly  in  Fig.  18.  One  sees  there  distinct  differences  in 
magnitude  and  slope  which  cannot  be  resolved  by  altering  the  value 

of  y use!  in  Cook's  analysis.  Such  differences  also  occur  in  data 

38  44 

reported  for  the  better  known  alkali  halide  crystals  ' , (including 

those  we  have  used)  as  may  be  seen  in  Fig.  19.  It  is  not  clear  which 
experiment  is  in  error.  The  only  systematic  observation  is  that  agree- 
ment is  better  when  compressibilities  are  lower.  As  our  acoustic 
experiments  are  far  more  extensive  than  the  other,  the  acoustic  data 
will  form  the  basis  of  all  further  analysis.  One  must  be  aware,  never- 
theless, of  the  problems  susggested  by  this  comparison. 

We  now  turn  to  an  attempt  to  understand  the  trends  of,  say,  com- 
pressibility as  revealed  by  Fig.  13.  This  requires  a brief  aside  on 
the  bonding  of  the  alloys  we  have  been  considering,  and  on  the  relation- 
ship of  bonding  to  structure  and  other  properties. 

45 

The  recent  restatement  by  J.  C.  Phillips  of  the  chemical  bond 
approach  to  solids  has  led  to  new  and  significant  insight  into  the  relation- 
ship between  structure  and  a variety  of  properties  in  alloys  of  the  type 

H7  8-N  ...  ... 

A B . Using  Phillip's  spectroscopic  definition  of  lonicity  one  is 
able  to  understand  the  variation  of,  say,  compressibility,  in  certain 
alloy  series  as  arising  from  the  variation  of  ionicity,  i.e.  from  the 
replacement  of  covalent  bonds  with  (less  directional)  ionic  bonding. 
Farrison^  has  made  the  same  sort  of  correlation  using  a bond-orbital 


model . 


?he  value  of  schemes  such  as  this  lies  in  the  predictive  value 
thev  have  insofar  as  allovinq  trends  are  concerned,  rven  when  the  ionicity 
scale  lacks  the  precision  it  has  in  the  A^°B8  N series,  one  is  still  able 
to  orqanize  and  understand  variations  in  alloy  behavior. 

Emphasis  on  chemical  bonds  is  also  valuable  in  disordered  systems 

47  48 

such  as  amorphous  semiconductors'  . One  of  the  fundamental  cornerstones 

of  current  amorphous  semiconductor  theory  is  (Mott's  rule)  that:  the 

material  arranges  itself  such  that  valence  bond  requirements  are  satis- 
fied locally.  Impurity  effects  are  therefore  much  weaker  (with  a few 

exceptions)  than  in  crystalline  semiconductors. 

48 

Kastner  has  introduced  the  term  "lone  pair"  semiconductor  and  used 
the  concept  to  correlate  the  properties  of  alloys  such  as  GeTe2  and 
'^S2Se3*  He  observes  that  in  Se  the  uppermost  filled  band  is  not  a valence 
band  composed  of  bonding  wavefunctions  rather  a band  formed  from  lone- 
pair  electrons  in  non-bonding  states.  Carriers  excited  into  the  conduction 
band  do  not  vacate  bonding  states  as  they  do  in  conventional  semi- 
conductors such  as  Ge.  Structural  consequences  of  this  difference 
will  be  discussed  below.  At  the  same  time  there  are  important  alloying 
effects.  Kastner  therefore  introduces  the  concept  of  Bond  Free  Solid 
Anqle  (BFSA)  to  account  for  the  variations  along  an  alloy  sequence. 

In  materials  with  lone  pairs,  such  as  Se,  the  bonding  is  two-fold 
with  a bond  angle  near  100°.  There  is  thus  a substantial  solid 
angle  in  which  no  bondinq  charge  is  to  be  found.  This  is  the  bond 
free  solid  angle  (BFSA) , and  it  is  large  in  Se.  In  contrast,  the 
tetrahedral  bonding  of  Ge  leaves  little  BFSA.  As  Kastner  points  out, 
the  application  of  stress  requires  atoms  to  move  together  compressing 
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bonds  in  the  case  of  Oe  but  merely  movinq  into  the  BFSA  in  the  case 

of  Se.  Only  when  the  compression  is  sufficient  to  cause  overlap  of 

the  core  electrons  does  stronq  repulsion  occur. 

Clearly  there  will  be  siqnificant  differences  in  mechanical 

properties  and  atomic  mobilities  in  the  two  situations. 

ICastner  considers  a series  of  amorphous  and  crystalline  compounds 

and  elements  varyinq  from  diamond  to  ?e  and  shows  the  varyinq  effect 

of  pressure  on  the  optical  absorption  edqe  may  be  interpreted  in 

terms  of  varyinq  bond  free  solid  anqle.  He  also  considers  the 

T 

M 

correlation  of  hand  qap  and  meltinq  point  ‘ . Whenever  the  melting 
process  involves  the  breaking  of  covalent  bonds,  Eg  and  T,  increase 
together  so  long  as  the  BFSA  is  constant  but  as  the  BFSA  increases 
rT\,  decreases. 

The  present  author50  and  de  Neufville  and  Rockstad51  (see  also 

Nunoshita  and  Arai15)  have  used  somewhat  similar  arguments  to 

develop  relations  between  Eg  and  Tg  in  various  glasses.  Considering 

the  number  of  near  neighbors  ("Connectedness"  C)  or  the  average 

number  of  valence  electrons  N instead  of  the  similar  quantity  BFSA, 

relations  were  demonstrated  between  Tg  and  Fg  for  a wide  variety 

52 

of  glasses.  Fig.  19  shows  some  data  from  Krebs  and  Fischer  in  the 
Ge-Te-As  ternary,  when  one  considers  the  uncertainties  in  Eg  (computed 
from  da/dT)  arising  from  temperature  dependence  of  the  gap  as  well 
as  even  greater  uncertainties  intrinsic  to  Tg  the  clustering  of  the 
data  is  striking  indeed,  but  interpretation  is  difficult.  Fig.  20 
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shows  a less  confusing  plot  of vs.  Eg  for  the  pseudobinary 

As„  Se„  - As . Te„. 

2 3 2 3 

51 

de  Neufville  and  Rockstad  have  covered  a smaller  number  of 
materials  but  have  done  so  systematically.  They  also  determined e 


g 

from  optical  absorption  and  thereby  somewhat  reduced  the  ambiguities. 
IT'heir  results  are  shown  in  Fig.  21.  There  the  role  of  connectedness 
is  clearly  displayed. 

When  C = 2,  as  in  Se  or  Te,  the  glass  transition  is  independent 

of  F , the  decrease  of  viscosity  does  not  involve  the  breakup  of 

the  molecular  units  (chains  or  rings)  rather  the  disruption  of 

van  der  Waals  forces  holding  one  chain  to  another.  When  C = 2.4, 

as  in  As^  Se^,  one  has  puckered  layers  of  the  As,,  Re^  molecules 

with  primarily  van  der  Waals  bands  between  layers.  The  effect  of 

band  gap  on  Tg  is  weak,  but  certainly  present.  One  might  guess  that 

geometrical  constraints  preclude  effective  motion  of  the  layers  as 

units  and  some  covalent  bonds  must  be  broken  before  sufficient 

mobility  for  the  class  transition  is  attained.  But  there  are  other 

data  which  reveal  that  the  situation  is  much  more  complex.  NMR 

54 

data  from  the  Naval  Research  Lab  fail  to  observe  the  motional 

narrowing  of  the  NMR  line  of  Se  in  molten  As,,  Se^  which  would  be 

-4 

expected  if  correlation  times  of  10  sec  occurred  for  that  nucleus. 

55 

The  viscosity  does,  contrastingly,  suggest  such  jump  frequencies 
just  above  In  pure  Se  the  material  narrowing  is  observed.  The 

layer  structure  must  therefore  have  much  slower  motion  within  the 
layer,  for  a given  viscosity,  than  in  ring  or  chain  materials  such 
as  Se.  m in  layered  materials  must  be  related  more  to  van  der 


g 

Waals  forces  between  layers  and  it  is  the  polarization  of  lone  pair 
states  which  are  altered  by  the  thermal  excitation  of  carriers  from 
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covalent  bands  within  the  layers.  In  glasses  such  As2  Se^  the  layered 
structure  persists  in  the  melt  perhaps  as  high  as  725K.  IR  data  show 
the  peak  attributed  to  in-plane  vibration  well  above  m 450K 

q 

Fven  at  725K  (300k  above  T gand  100K  above  the  viscosity  is  only 

4 Stokes— compared  to  10~2  Stokes  for  H20  and  8 Stokes  for  glycerol, 

both  at  room  temperature  only  100K  above  tq  for  the  latter.  As  Se 

2 3 

is  a remarkable  fluid  indeed. 

'"be  bond  breakino  process  is  simply  thermal  excitation  of  electrons 
from  bonding  to  antibonding  states.  At  any  given  temperature  a certain 
fraction  of  the  bonding  states  will  be  so  emptied.  When  sufficient 
bonds  are  broken  (emptied)  for  the  atoms  of  the  glass  to  move  with 
a jump  frequency  of  10~5  sec"1  the  glass  transition,  as  it  is  convention- 
ally defined,  occurs.  The  temperature  at  which  the  "suff  icient’- 
number  of  broken  bonds  occurs  is  * Interpretation  is  simplest 
when  a single  bond,  e.g.  Ge-Te,  dominates.  When  lone  pair  electrons 
exist  the  process  is  somewhat  different.  Electronic  excitation 
does  not  break  bonds  but  it  does  lead  to  change  in  antibording 
states  and  therefore  still  weakens  the.  glass.  When  C = 3.0  this 
difference  is  clearly  displayed  as  in  Fig.  21  curves  d and  e.  The 
alloys  Ge  Se  and  0 e?  Se  Te  are  more  like  alloys  with  C =2.66  than 
the  other  materials  with  C = 3,  wuch  as  Ge  Te  As.  The  latter  materials 
are  apparently  characterized  by  3-fold  coordination  as  in  pure  amorphous 
As  or  graphite  with  itinerant  ir-bands  and  no  lone  pairs  while  the 
former  ( C = 2.66:  Ge  Se  ? Ge2  Se  Te)  contain  primarily  bonds  such 
as  Ge : Se , there  is  complete  cross  linkinq  and  the  influence  of  lone- 
pairs  can  still  be  felt.  One  thus  has  two  separate  branches  of  the 
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= f (F  ) relation  when  C = 3.  This  interpretation  is  somewhat 
controversial  as  yet  and  further  study  is  required. 

The  roles  of  ionicity  and  of  d-bands  have  not  been  elucidated, 
de  Neufville  and  Pockstad  further  observe  that  for  zero  gap  the 
glass  transition  in  all  cases  occur  near  325K.  They  associate  this 
temperature  with  the  T appearing  in  the  Fulcher  viscosity  ' or  fluidit  < 
equation: 

i - <t’0  exp  [-^/(t-t  ) ] (i) 

while  A is  related  toE^  hy  A = a E^/k  and  assemble  all  of  their 
results  into  a viscosity  equation 

<J>  = $ exp  H (C-2 ) E JY  (T-T  )]  (2) 

o go' 

2 _l 

where  6 = 10  poise  ,5  =0.55  and  T _ 325K.  This  relation 

o o 

needs  extensive  verification.  In  the  case  of  Se^ , where  extensive 
data  is  available,  there  is  order-of-magnitude  u.greement  over  15 
decades  of  fluidity.  They  assume  the  two-fold  coordination  dominates 
in  these  materials  because  the  fundamental  diffusing  element  is 
chain-like.  The  jumprate  of  this  unit  then  increases  with  temperature. 

It  thus  appears  that  a beqinninq  for  understanding  atomic  motion 
in  these  semiconducting  glasses  exists.  The  glasses  studied  cr  yet 
to  be  studied  are  shown  in  Fig.  22,  where  T^  is  plotted  against  the 
energy  gap  as  in  Fig.  21.  The  connectedness  is  also  shown.  Con- 
sistent with  the  arguments  above,  we  expect  1)  if  C is  low,  the 
compressibility  ir;  high  and  2)  since  Tg  varies  with  AF,  and  AE  decreases 
with  applied  pressure,  mg  should  decrease  with  applied  pressure 
(most  strongly  for  C = 4) . 
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The  results  of  Fiq.  1?  - 15  confirm  the  first  of  these  expectations. 
Se  is  soft  indeed  and  Cd  Ge  As  is  not  only  relatively  incompressible 

D 3 11 

but  is  less  influenced  by  pressure.  While  no  quantitative  prediction 

is  yet  possible,  the  trends  are  clear.  It  is  only  recently  that  shear 

56 

moduli  have  been  computed  from  Harrison's  bond-orbital  model  for 
tetrahedral  crystals,  the  glasses  require  more  time. 


4.  The  Glass  Transition 


Turning  now  to  Tg  determinations,  we  face  the  problem  of  separating 

artifacts  of  the  experimental  procedure  from  the  atomic  relaxation 

processes  which  are  responsible  for  the  glass  transition. 

In  using  the  reflection  technique  described  in  Section  2.E, 

initial  tests  have  been  directed  to  those  glasses  for  which  previous 
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acoustic  data  have  been  published:  pentachlorinated-biphenyl  (PCB)  and 

glycerol.  Fig.  23  shows  data  at  10  KHz  for  PCB.  The  upper  dashed 

curve  is  the  expected  reflectance  computed  from  Ref.  28;  though  the 

units  of  the  ordinate  are  indicated  to  be  arbitrary  the  deviation  from 

per  cent  reflectance  is  small.  The  solid  curve  is  our  data  as  traced 

from  a chart;  the  arrow  near  -40C  marks  the  conventional,  dc  glass 

transition.  We  believe  the  agreement  is  quite  satisfactory.  Fven  the 

small  break  in  slope  near  -40C  is  reproduced.  The  dot-dash  curve  is 

the  derivative  of  the  data,  taken  graphically.  There  is  a shift  in 

slope  at  the  dc  T , a shoulder  near  -10C  and  a peak  near  +20C.  The 
9 

neak  is  to  be  associated  with  the  glass  transition  characteristic  of  the 
10  MHz  frequency. 

Fia.  24  shows  similar  data  for  glycerol  taken  at  10  and  30  MHz. 

As  expected2^  T (ac)  shifts  to  hiqher  temoeratures  as  the  freouency 

g 

increases;  the  shoulder  does  not  and  we  do  not  know  its  origin  at 
present.  The  fact  that  the  hiqh  frequency  glass  transition  correlates 
with  the  relaxation  times  of  experiment  is  indicated  in  Fig.  25. 


The  two  circles  represent  the  peaks  in  the  derivative  curve  of  our 
measurement  plotted  as  the  appropriate  relaxation  times  such  that 


4.2 


= l.  The  two  curves  are  the  averaqe  relaxation  times  for  shear 

. . , . . • 45a 

and  compressional  processes  obtained  by  Ficcireili  and  Litovitz 
Piccirelli  and  Litovitz  calculated  the  distribution  of  relaxation 
times  necessary  to  fit  their  data  on  the  viscosity  and  the  complex 
moduli  of  glycerol  measured  for  both  shear  and  longitudinal  waves  at 
frequencies  from  1 5 to  85  mpz.  As  can  be  seen,  quite  good  agreement 
is  observed  between  our  experiment  and  the  data  of  Piccirelli  and 
Litovitz . 

We  wished  to  apply  this  technique  to  determine  glass  transition 
points  in  amorphous  semiconductors.  We  were  unsuccessful  in  polishing 
the  surfaces  of  the  delay  line  and  the  sample  sufficiently  flat 
and  smooth  that  the  two  materials  could  be  wrung  together.  It  was 
necessary  to  use  a viscous  material  between  the  delay  line  and  the 
sample  that  can  transmit  the  ultrasonic  waves  between  the  two  solids. 
Such  a viscous  material  can  be  Dow  Corning  200  fluid,  a diffusion 
pump  oil  Santovac  5,  or  something  similar. 

The  reflection  coefficient  at  the  interface  between  the  delay 
line  and  the  sample  depends  on  the  impedances  of  the  two  materials  and 
also  on  the  characteristics  of  the  bond  between  the  materials.  For 
instance,  if  the  experiment  is  run  inside  the  high  pressure  vessel, 
the  hydrostatic  pressure  will  increase  the  viscosity  of  the  bonding 
fluid,  resulting  in  a considerable  change  in  the  efficiency  with  which 
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the  hondinn  acrent  act r,  as  an  acoustic  coupling  aqent.  mhe  changes 

in  the  quality  of  the  coupling  invalidates  the  simple  theory  relating  the 

reflection  coefficient  to  the  acoustical  impedances  of  the  two  solids. 

As  an  examole  of  other  complications,  in  the  data  taken  on  Te  Oe  As  , 

15  2 3 

surface  crystallization  occured  above  200°C.  ^he  surface  crystallization 
disrupted  the  surface  sufficiently  to  destroy  the  acoustical  bond, 
resulting  in  a snarp  increase  in  the  reflected  signal. 

'’’he  reflected  acoustical  sional  was  used  to  determine  glass 
transition  temperature  of  Te^^-Oe^As^  under  pressure.  An  example  of 
the  data  is  shov-n  in  wig.  ?£.  mhe  arrow  points  to  the  rapid  drop  in 
the  amplitude  of  the  reflected  wave,  we  attribute  thin  to  the  qlass 
transition.  The  sample  has  softened  and  flowed  into  better  contact 
with  the  delay  line.  More  of  the  acoustical  energy  is  transmitted 
through  the  better  bond  into  the  sample  and  scattered;  less  is  reflected. 

Fio.  7.1  shows  the  glass  transition  temperature  for  '1'e15^e2As3 
determine-1  by  this  technique  as  a function  of  pressure  at  heating 
.ates  of  approximately  15°/mir.,  There  is  an  initial  increase  in  the 
glass  transition  and  then  an  apparent  drop  off.  We  have  Jess  confidence 
in  the  hioher  pressure  data  because  the  pressure  effects  on  the 
bonding  agent  become  more  important  and  renders  interpretation  of  the 
data  more  questionable.  When  the  pressure  was  increased,  the  viscosity 
of  the  bondinq  agent  increased  tremendously.  The  thermal  expansion 
coefficient  of  the  chalcogenide  is  in  the  neighborhood  of  1-2  x 10  " °C  ^ 
as  compared  to  0.0  x 10  C for  quartz.  As  the  temperature  is 
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increased  at  the  higher  pressures,  the  bonding  agent  is  too  stiff  to 

relieve  +-he  stress  caused  hv  relative  thermal  expansion.  Thus  the 

stress  is  built  up  and  relieved  in  a non-uniform  manner  with  respect 

to  temperature.  This  process  leads  to  sudden  decreases  in  the 

reflected  signal  which  tend  to  obscure  the  glass  transition. 

Further  measurements  were  therefore  taken  simply  by  measuring 

transit  time  as  in  flection  2.0.  and  looking  for  a change  in  slope. 
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As  expected  from  the  Li.tovitz  wori  , there  is  a clear  change  at  the 

dc  glass  transition  temperature.  An  example  of  the  data  is  shown  in 

Fig.  28.  ^he  transit  time  is  plotted  as  a function  of  temperature 

for  the  glass  Te.  Ge„As_  at  atmospheric  pressure.  The  sample  was 
Lj  2 3 

heated  at  about  l°C/min.  ^he  dip  slightly  above  100°C  occurs  because 

the  sample  has  not  been  annealed  since  quenching.  The  fact  that  the 

cooling  rate  during  preparation  is  much  faster  than  the  present  heat 
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rate  will  cause  this  type  of  deviation  from  straight  line  behavior 
At  the  glass  transition,  the  transit  time  breaks  upward.  The  transit 
time  Ireaks  upward  at  the  glass  transition  for  the  following  reason. 
In  the.  neighborhood  at  the  glass  transition,  the  viscosity  of  the 
material  is  reduced  until  atomic  rearrangements  are  possible  within 
the  time  scale  of  the  experiment:  a few  minutes  or  a few  seconds. 

Above  the  glass  transiton,  the  compressibility  of  the  substance 
increases  and  the  sound  speed  decreases. 

The  glass  transition  temperature  is  obtained  by  straight  line 
approximation  to  the  regions  above  and  below  the  glass  transition. 
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The  glass  transition  temperature  so  obtained  (113  °C)  is  less  than 
that  obtained  by  the  reflection  method  discussed  above,  in  part  because 
of  the  slower  heating  rate. 

Slightly  above  130  °c,  the  sagging  of  the  sample  becomes 
observable  in  the  shorting  of  V transit  time  as  at  point  S.  The 
sample  is  then  cooled  at  about  2°r/min.  While  the  break  at  the  glass 
transition  is  not  as  evident  unon  cooling,  the  glass  transition  can 
be  determined  by  examininq  the  derivative  curve  (Fin.  29).  rnhere  is 
a fairly  obvious  break  in  the  derivative  curve  at  about  103°C. 
although  this  determination  of  the  nlass  transition  temperature  is 
lower  than  that  based  on  the  heating  curve,  this  difference  is  not 
indicative  of  a measurement  error.  Rather,  the  difference  arises 
from  the  difference  in  the  thermal  and  pressure  historv  and  the  rates 
of  change  of  temperature.  Furthermore,  on  the  heating  curve  the 
transition  temperature  is  defined  in  the  middle  of  the  transition; 
on  the  cooling  curve  the  transition  is  defined  at  the  low  temperature 
end  of  the  transition.  The  procedure  of  defining  the  glass  transition 
through  the  use  of  the  derivative  curve  was  chosen  to  make  the  change 
in  slope  of  the  transit  time  at  the  glass  transition  more  evident.  Whether 
the  transition  in  a series  o'  measurements  is  defined  at  the  initiation 
of  the  transition  or  at  the  middle  is  of  little  importance.  Obviously 
when  comparing  data,  the  definition  of  the  transition  temperature  must 
be  consistent. 

&s  an  example  of  the  effect  of  oressuro,  Fin.  3n  shows  the  transit 
time  plotted  as  a function  of  temperature  at  3.4  kbar  for  another 
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sample  of  the  same  chalcoqenide . The  change  m slope  at  75  indicates 
that  the  sample  is  being  densified  hy  the  high  pressure.  As  the  sample 
is  densified,  the  sound  velocity  changes  due  to  the  resultant  chanqe 
in  compressibility  and  density.  The  transit  time  breaks  upward  at 
the  glass  transition  at  124°0.  The  sample  is  then  cooled  at  pressure. 
If  the  sample  is  then  reheated  at  atmospheric  pressure,  the  sample 
will  return  to  its  original  density.  The  behavior  of  the  transit 
time  vs.temperatureis  shown  in  Fig.  31.  Above  75°0,  the  sample  expands 
on  heating  rather  than  contracts  since  the  density  exceeds  the 
eouilibrium  valve  of  the  density  at  atmospheric  pressure.  mhe  sample 
was  earlier  quenched  at  high  .ressure  yielding  a glass  with  a density 
greater  than  the  same  material  quenched  at  atmospheric  pressure. 

This  greater  density  is  stable  at  atmospheric  pressure  because  of 
rigidi.tv  of  the  material  but  near  the  glass  transition,  the  material 
softens  and  relaxes  toward  the  normal  volume  of  the  glass.  Of  course, 
the  transit  time  would  have  shown  sample  saJlj  if  the  heating  had  been 
continued  to  higher  temperatures.  On  cooling,  the  sample  exhibited 
similar  behavior  to  other  cooling  curves. 

As  a more  complete  example  of  the  thermal  and  pressure  cycling 
effects  when  one  of  the  glasses  passes  through  the  qlass  transition, 
consider  Fig.  32.  That  figure  shows  As^S^  taken  through  the  glass 
transition  first  at  atmospheric  pressure,  then  at  2 kbar,  next  at 
4 kbar,  and  finally  at  atmospheric  pressure  again.  The  path  labeled 
(1)  shows  the  acoustic  transit  time  in  the  sample  increasing  as  the 
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temperature  is  raised;  t^e  break  upward  is  at  the  qlass  transition 
(point  x)  and  the  return  to  room  temperature  is  at  point  y.  Path  (?.) 
starts  at  a shorter  transit  time  due  to  the  application  of  2 khar 
pressure.  At  about  150°0,  the  sample  begins  to  density  as  evidenced  by 
the  shortening  of  the  transit  time.  Again  the  sample  is  carried  through 
the  glass  transition  'point  z)  and  cooled.  Path  (3)  is  the  same 
procedure  carried  out  at  4 kbar  with  Tg  at  point  W,  next  the  sample 
is  returned  to  atmospheric  pressure  and  the  heating  cycle  started 
again  (path  (4)).  Ait  about  1150  C (point  u)  the  sample  has  become  soft 
enough  to  start  relaxing  rapidly  back  to  an  equilibrium,  volume,  thereby 
removing  the  effects  of  the  densi f ication  which  occured  near  the 
glass  transition  at  high  pressures.  When  the  sample  is  cooled,  the 
transit  time  returns  close  to  the  original  transit  time  of  the  sample. 

Tf  the  sample  had  been  retained  near  the  glass  transition  at  atmospheric 
pressure  longer,  the  transit  time  would  have  returned  to  its  initial 
value. 


The  glass  transition  of  the  chalcogenides  Te  As  , Cd  oe  As 
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and  AS2S3  have  been  found  as  described  above.  The  glass  transition 

temperature  as  a function  of  pressure  for  Te15<^e2As3  is  shown  in 

Fig.  33.  Fig.  34  and  Fig.  35  give  the  same  information  for  Cdne  As 

F 3 11 


and  AsSe  . 
2 3 


To  allow  easier  comparison  of  the  effect  of  pressure  on  the 
glass  transition,  the  data  of  Figs.  33,  34,  and  35  art;*  shown  in 
Fig.  36  as  Tg(P)/tg(0).  Te^G^As^  shows  an  asymptotic  approach  to  a 
constant  value  as  pressure  increases.  The  slope  of  dTg/dp  is  much 


lower  than  the  other  materials. 


a ,q 

AS2Se3  s^ov’s  a near  straight  line 
behavior.  Its  qlass  transition  has  not  been  measured  above  4kbar. 

CdP,Ge3As11  shows  the  most  remarkable  behavior.  The  glass  transition 
initially  increases  with  pressure;  but  above  2 kbar,  the  glass  transition 
decreases  with  pressure.  The  initial  increase  of  Tg  with  pressure  is 
very  similar  to  a variety  of  different  glasses4!!  shown  in  Pig.  37. 

'the  derivatives  of  Tq(P)/mg(0)  near  atmospheric  pressure 
are  nearly  identical  for  these  classes  with  the  exception 
of  the  network  glass  2AS3  ‘ Similarity  between  dTg/dP  for 

such  a wide  variety  of  glasses  is  remarkable.  There  has  been  a 
lot  of  interest  in  the  investigation  of  d"VdP  because  it  is 
looked  upon  as  a means  of  deciding  between  two  competing  theories 

of  the  glass  transition:  free  volume  theory  (t-TLF)  or  configurational 

entropy  (Gibbs)  theory47^ 

There  have  been  a very  great  number  of  publications  on  the 

development  of  these  two  theor,  of  t*e  glass  transition  and  the 

behavior  of  the  material  in  the  region  of  the  glass  transition. 

'There  is  considerable  controversy  over  which  treatment  of  the 

problem  is  correct.  The  calculations  give  rise  to  the  following 
47* 

eouations  : 

dTq  _ t&_ 

dP  " Act 

AB  > TV  Aa 
Aa  Ac 

P 

where  AS  is  the  difference  between  the  compressibility  in  the 
liquid  and  glassy  states  AS  -8^;  Aa  is  the  difference  in 


(1) 

(2) 


thermal  expansion  Aa  ~ a^  — ag'  v thG  voluTne;  ^Cp  ^-s  the  chanae 

in  heat  capacity  at  constant  pressure  in  going  through  the  glass 

dTy  _t&  Aa 

transition.  The  free  volume  theory  requires  that  dp  ^ - TK  . 

P 

Most  of  the  experimental  data  on  polymers  has  satisfied  the  relation 

dtq  __  TVAa  A3_  We  do  not  have  Aa,  A0,,  ACp  data  to  allow 

dP  AC  Aa  . 

comparison  of  the  theory  with  the  chalcogenide  glasses  we  have 

studied.  The  controversy  has  pointed  out  the  need  for  precise 

definitions  of  the  experimental  parameters  and  the  need  to  define 

.4Ba 

the  preparation  procedures  of  the  glass.  Biar.chi  has  studied 
polyvinyl  acetate  over  three  different  temperature-pressure  cvcles 
with  radically  different  dTg/dP.  Assume  that  it  is  possible  to 
introduce  a parameter  z which  will  define  the  configurational 
state  of  the  glass  as  determined  for  instance  by  the  rate  of  quench 
of  the  glass  at  the  pressure  under  which  the  glass  was  formed. 


Then  i.t  can  We  noted  that 


dCg/dP  = ( 


3Tg 
? p 


+ ( 


JTq  dz 

& J/dP; 


It  is  crucially  important  that  the  experiment  to  measure  dTg/dP 
attempt  to  do  so  with  qlasses  of  the  same  configurational  state  z 
Bianchi  proposes  the  cycle  illustrated  in  Fig.  3B.  Line  ABC  is  an 
isobar  at  one  atmosphere.  GFD  or  HKD  are  isobars  at  some  higher 
pressure  P.  All  data  is  taken  at  the  same  cooling  rate.  On 
Polyvinyl  acetate,  the  pressure  used  was  300  atmospheres.  For  a 
cycle  CDEH  where  the  pressure  is  applied  to  the  liquid,  dTg/dP 
0.015CC/atm.  For  the  cycle  AGFD  where  the  pressure  is  applied 
to  the  glass,  dTg/dP  = 0.037°C/atm.  This  difference  between  the 
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two  experimental  results  demonstrates  difference  between  the  glass 

prepared  from  the  melt  and  then  compressed  with  a glass  quenched 

under  pressure  for  this  materia]..  The  volumes  of  the  two  glasses  are 

different  as  are  the  irternal  configurations  of  the  atoms  or  molecules. 

All  the  theories  concerned  with  the  comparison  of  dTg/dP  with 

t£ /Ae  are  for  vanishing  small  changes  in  pressure.  Our  experiments 

with  the  chalcogenide  glasses  were  pointed  at  much  higher  pressures. 

As  explained  earlier,  our  data  was  taken  with  a cycle  AGFD  then  DFH 

yielding  two  glass  transitions.  The  two  glass  transition  temperatures 

found  had  the  same  behavior  under  pressure  within  the  experimental 

error.  The  glass  transitions  determined  upon  heating  are  presented 

in  Figs.  33,  34,  and  35  noted  earlier. 

1 dTg 

The  lov;  pressure  of  As^S^  and  Cd^Ge^As^  are 

verv  similar  to  various  polymers  also  shown  in  Fig.  37.  Te^Ge^As^ 

has  considerably  different  behavior.  The  initial  rise  in  Tg  is  at 
1 cl  Tci 

a much  smaller  — — m— ~ « Tg  then  increases  to  what  appears  to  be 

Tg (0)  dP  ^ 

an  asymptotic  value.  The  pressure  range  is  not  sufficient  to  determine 
its  further  behavior.  As^F^  aPPears  roughly  linear;  higher  pressure 
data  has  not  been  taken  as  yet.  The  behavior  of  Cd.Ge.As  is  most 
interesting.  After  the  initial  increase  in  the  glass  transition, 
the  glass  transition  starts  to  decrease.  This  behavior  may  be 
explained  in  terms  of  the  concepts  of  bond  free  solid  angle  (BFSA) 
or  in  terms  of  correctness  as  presented  in  section  3 of  this  report. 

''■'he  organic  polymers  listed  above  are  large  molecules  with 
primarily  van  der  Waals  forces  between  the  molecules.  The  major 


4.11 


restraint  to  structural  relaxation  of  the  molecules  is  the  large 
size  and  the  complexity  of  the-  molecule.  Se  with  a connectedness  C = 2 
is  very  similar.  Se  consists  of  chains  and  rir.qs  with  van  der  Waals 
forces  between  the  chain  segments.  In  such  materials,  the  application 
of  pressure  qreatly  reduces  the  "free  volume"  hindering  structural 
relaxation.  It  thus  takes  a higher  temperature  to  activate  molecular 
motion . 

The  situation  is  more  complicated  in  glasses  with  increasing 
amounts  of  cross  linking.  B00^  ^ = 4.0)  consists  of  planar  BO^ 

4Qa 

units  which  are  randomly  arranged  in  a three  dimensional  network 
with  all  three  oxyqen  atoms  shared  with  adjacent  units.  Although 
is  a network  glass  with  a great  deal  of  cross  linking,  it  is 
dangerous  to  compare  it  with  other  glasses  of  the  same  structure. 

For  instance,  can  compacted  at  pressures  of  a few  kbar  at 

room  temperature  (some  200°c  below  its  glass  transition) . This 
compaction  occurs  for  the  chalcogenide  glasses  only  near  their 
glass  transition.  Any  densif ication  at  room  temperature  points  toward 
the  existence  of  structural  relaxation  processes  which  do  not  exist 
for  the  chalcogenide  glasses  far  from  the  glass  transition. 

As^S^  (C  = 2.4)  is  composed  of  puckered  layers  of  ks^S^  molecules 
with  van  der  Waals  bonds  between  layers.  One  miqht  guess  that  some 
of  the  covalent  bonds  holding  the  layers  together  must  be  broken 
to  permit  the  glass  transition  to  take  place.  Yet  much  of  the 
structural  relaxation  only  involves  van  der  Waals  bonds. 
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Probably  the  necessary  structural  changes  are  produced  primarily 


by  rearrangement  of  sections  of  layers  so  that  the  low  pressure 

behavior  is  like  that  of  the.  other  glasses  discussed  above.  The  data 

on  dTg/dP  has  not  yet  been  taken  to  higher  pressures.  Thermal 

excitation  of  electrons  from  lone  pair  states  weakens  the  polarizabilities 

responsible  for  the  van  der  Waals  bonding  between  layers.  The  behavior 

of  me  Ge  As  and  Cd  Ge  As,,  are  the  most  interesting,  There  are 
If  2 3 f 3 11 

probably  several  competing  processes.  For  instance  a free  volume 

50a 

argument  given  by  Sanchez  predicts  that  the  glass  transition  temperature 


should  rise  with  pressure  to  an  asymptotic  value. 

The  material  above  the  glass  transition  consists  of  occupied 
volume  (the  atoms)  and  holes  (free  volume) . For  the  purposes  of  this 
argument,  consider  the  viscosity  to  be  infinite  or  at  least  very 
large  below  the  qlass  transition  and  that  there  are  no  holes  present 
below  the  glass  transition.  As  the  temperature  of  the  material 
increases  above  the  qlass  transition,  the  number  and  size  of  the 
holes  increase.  The  thermal  expansion  can  be  broken  into  two  components: 
a thermal  expansion  due  to  the  occupied  volume  and  a thermal  exransion 
associated  with  the  liouid  due  to  the  holes.  Similar ily  the  compres- 
sibility can  be  divided  into  the  compressibilities  of  the  holes. 

As  the  pressure  is  increased,  the  number  and/or  size  of  the 
holes  decrease.  Pence  the  qlass  transition  temperature  is  increased 
since  more  thermal  energy  is  required  to  produce  sufficient  free 
volume  to  enable  structural  rearrangements  to  take  place.  The  glass 
transition  temperature  will  increase  to  a limiting  value  as  the 
pressure  is  increased.  The  volume  of  the  holes  will  vanish  as  the 
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pressure  is  increased,  hut  the  material  will  still  have  a finite 
glass  transition  temperature  even  with  a minimal  number  of  holes. 

Cince  the  chalcoqenide  glasses  are  semiconductors  with  primarily 
covalent  bonding,  there  is  a direct  relationship  between  the 
electrons  which  provide  the  electronic  behavior  and  the  atomic 
bond inq . This  relationship  is  clearer  for  Cd  Ge  As  . The  average 

r-  3 1 1 

coordination  is  4.0  (C  = 4.0)  so  each  atom  has  its  valence  require- 
ments satisfied  with  a full  complement  of  valence  electrons.  Of 
course,  the  bonds  are  hydridized  to  the  appropriate  geometrical 
distributions.  A direct  relationship  between  the  electronic  properties 
and  the  atomic  bondinq  is  thus  expected. 

The  case  for  Te  Ge  As  (c  = 2.4)  is  more  complicated.  Te  _Ge  As 
id  z .5  15  2 3 

is  a network  class,  but  the  valence  band  is  probably  formed  by  lone 
pair  electrons  from  the  Te  atoms.  The  excitation  of  electrons  from 
the  valence  into  the  conduction  band  will  effect  the  antibonding 
states  and  thus  weaken  the  bonding.  While,  the  excitation  of  the 
lone  pair  electrons  will  weaken  the  bonding  of  the  glass,  there 
is  no  direct  relationship  between  the  electronic  properties  and  the 
physical  characteristics  of  the  glass. 

Since  the  conductivity  of  the  semiconducting  glasses  are  related 

to  its  mechanical  characteristics  and  hence  the  glass  transition, 

the  band  gap  of  the  glass  becomes  important.  For  Te  Ge  A the 

15  2 3 

band  gap  closes  slightly  with  pressure1.  At  a given  temperature, 
the  number  of  electrons  excited  to  antibonding  states  band  increases 
as  the  band  gap  decreases.  The  material  should  weaken  rapidly  if 
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thr  electrons  which  are  excited  participate  in  the  covalent  bonding 
and  hence  the  glass  transition  should  decrease.  'This  effect  is 
probably  not  observed  for  Te^Ge.^  because  the  valence  electrons 
are  the  lone  pair  electrons,  and  only  interlayer  forces  are  weakened . 

Pnfortunatelv  the  effect  of  pressure  on  the  hand  gap  of 
rdfGe^Asi;L  has  not  been  determined.  We  hope  to  do  so  in  the  near 
future . 

^here  are  therefore  two  competing  processes  influencing  the 
effect  of  pressure  on  the  glass  transition,  "'he  free  volume  arguments 
would  suggest  that  the  qlass  transition  should  increase  asymptotically 
under  pressure.  The  fact  that  these  glasses  are  semiconducting 
should  provide  a relationship  between  the  electronic  excitation  of 
the  valence  electrons  and  the  atomic  bonding.  The  effect  of  pressure 
on  the  band  gap  of  the  material  would  then  be  important.  It  is  not 
possible  a^  priori  to  separate  the  influence  of  these  two  processes 
in  deciding  what  the  glass  transition  would  do  under 


pressure . 
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Electrical  Measurements 

Measurements  of  the  electrical  conductivity  have  been  made  as 
a function  cf  pressure,  temperature,  and  frequency  for  a number 
of  samples.  In  order  to  test  a crvcstat  system,  the  d.c.  conductivity 
as  a function  of  temperature  was  measured  on  a sample  of  Ge^^As^^Te^pS^^ • 
These  results  merely  verified  results  previously  reported  by 
Faqen  et  al1 . Measurements  of  the  effect  of  pressure  on  the  d.c. 
conductivity  of  Ge  As  Te  S extended  the  pressure  range  of 
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Faqen  et  al.  to  10  kbar.  The  results  did  not  show  any  change  in 
the  pressure  coefficient  of  the  d.c.  conductivity  at  the  higher 
pressures. 

After  these  preliminary  measurements,  work  was  initiated  on 
samples  from  the  tellurium  rich  glass  forminq  region  of  the  Te-As-Ge 
system.  The  first  a.c.  measurements  indicated  that  any  frequency 
dependent  component  of  the  conductivity  was  much  smaller  than  the 
frequency  independent  component  since  the  conductivities  at  even 
the  highest  frequencies  of  the  Wayne-Kerr  bridge  were  always  the 
same  as  the  d.c.  conductivities  within  experimental  error  although 
several  different  samples  were  measured. 

Since  the  change  in  the  frequency  dependent  conductivity 
with  pressure  was,  at  that  time,  believed  to  be  much  larger  than  the 
chanqe  in  the  frequency  independent  conductivity,  measurements  of 
the  a.c.  conductivity  were  made  on  two  samples  up  to  approximately 


6 kbar . 
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^Ven  a1-  this  pressure,  no  fiocruency  dependence  was  observed. 

715  tbe  frequency  dependent  conductivity  is  much  less  temperature 
dependent  than  the  frequency  independent  component,  measurements 
were  made  of  the  a.c.  conductivity  as  a function  of  tempeiature 
below  r'V-im  temperature.  Although  the  temperature  was  taken  as  low 
as  140  f for  one  sample,  r.o  frequency  dependence  was  observed  for  any 
of  the  samples  measured  ir  the  Te-As-Ge  system  within  the  accuracy 
o*  the  measurements  made  at  that  time. 

Some  of  these  a.c.  conductivity  measurements  at  low  temperatures 
were  made  while  the  data  was  being  corrected  by  computer  calculated 
corrections.  ^he  coolinc  of  the  samples  inadvertently  took  them 
into  the  range  of  conductance  and  capacitance  values  where  the 
correction  program  was  no  longer  valid.  The  improperly  corrected 
data  appeared  to  show  a frequency  dependence  which  has  since  been 
found  to  be  spurious.  These  data  were,  however,  unfortunately 
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published  before  this  error  was  discovered. 

Althouqb  the  measurements  of  a.c.  conductivity  as  a function 

of  pressure  and  temperature  failed  to  yield  any  results,  the 

associated  d.c.  measurements  which  were  made  at  the  same  time  are 

of  some  interest.  The  pressure  dependence  of  the  d.c.  conductivity 

for  two  amorphous  semiconducting  compounds,  Te  As  Ge  and  Te  As  Ge 
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are  plotted  in  Fig.  39.  The  data  points  falling  below  the  lines 
are  points  taken  for  increasing  pressure  where  insufficient  time 
has  been  allowed  for  a return  to  thermal  equilibrium  after  the 
temperature  rise  due  to  compressive  heating.  A striking  ovservation 
is  that  if  the  slopes  of  these  lines  are  compared  to  that  for  the 
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rcom  temperature  data  cf  r’e1P7'-s3FTe28?21  as  roPortori  Faqen, 
et  al  , th  effect  of  pressure  on  the  conductivity  is  found  to  he  , 
within  experimental  error,  exactly  the  same.  As  data  have  only 
been  talon  at  one  temperature,  the  pressure  dependence  of  the 
activation  enerqy  cannot  he  calculated. 

The  temperature  dependence  of  the  d.c.  conductivity  has  been 
obtained  for  four  amorphous  semiconductinq  compounds.  This  data 
is  plotted  ar  loq  resistivity  vs.  reciprocal  temperature  in  Fiqs.  40 
and  41.  The  resistivity  is  expressed  by  the  equation: 

P = Po  exP.-(AEo/2kT>  ' 

and  p and  AF  for  each  sample  as  determined  from  the  lines 
o o 

approximatinq  the  data  are  qiven  in  the  table 

Samp] e P AE 

o o 


Te72Sd19Ge9 

9.2*10~4ncm 

.80 

eV 

1.01 

Te72Ss15Ge13 

9.7  •10-4f!cm 

.88 

eV 

1.06 

Te75As10Ge15 

1.07. 10~30cm 

.89 

eV 

1.08 

Te78As13Ge9 

3.3*10  ^Slcm 

.79 

eV 

1.01 

Tt  should  be  noted  in  looking  at  Fiq . 40  that  the  curvature 
indicated  at  the  hiqhest  temperatures  is  believed  to  be  due  to 
surface  crystallization  and  sample  deformation.  Further  measurements 
were  made  at  low  temperatures  on  the  samples  of  Te72Asp9Geg  and 
Te7c)As1QGe15*  In  these  measurements  it  was  found  that  the  con- 
ductivity had  increased  a great  deal  and  showed  only  a slightly 
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activated  behavior  as  if  the  sample  resistances  were  beinq  shorted 
bv  a parallel  resistance  with  a metallic  behavior.  The  resistances 
are  nevertheless  quite  high  for  a very  good  metallic  path.  It 
is  believed  that  the  samples  started  to  crystallize  from  the  surface 
and  that  the  bulk  conduction  of  the  interior  is  being  shunted  by  a 
higher  (at  low  temperatures)  metallic  type  conductivity  of  a 
surface  layer. 

As  one  may  see  from  the  table  both  o and  AE  have  similar 

o o 

values  for  all  of  the  samples  except  for  Te_0As,  ,,Ge^ . As  data  for 

7c  13  9 

Te_7gAs^Ge0  has  been  taken  only  below  200K  whereas  data  for  the 

other  samples  have  been  taken  only  p:\  higher  temperatures,  the 

two  cannot  be  directly  compared.  It  is  believed,  however,  that  the 

artxnHlous  c and  AF  values  for  Te  As.  ,Ge„  are  due  to  the  increase 

in  relative  importance  of  surface  conductivity  at  the  lew  temperatures. 

Measurements  of  d.c.  conductivity  in  the  Te-As-Ge  ternary 

52 

system  have  also  been  made  bv  Krebs  anf  Fischer  and  by  Panus 
58 

and  Borisova  . The  values  for  presented  here  agree  fairly  well 
with  the  results  of  Krebs  and  Fischer*  however,  the  activation 
energies  reported  here  are  about  20%  lower  than  Krebs  and  Fischer. 

The  samples  studied  by  Panus  and  Borisova  all  contain  much  more 
arsenic  than  any  reported  here;  however,  their  reported  activation 
energies  also  lie  approximately  20%  below  the  results  of  Krebs 
and  Fischer.  It  should  be  noted  that  the  data  taken  in  the  present 
investigations  spanned  a much  wider  temperature  range  for  conductivity 
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measurements  than  in  either  of  the  earlier  investigations. 

With  the  failure  to  find  any  frequency  dependent  conductivity 
in  any  of  the  samples  in  the  tellurium  rich  region  of  the  Te-As-<Ie 
system,  we  decided  to  make  measurements  of  the  a.c.  conductivity  of 
some  other  materials  which  have  previously  been  reported  to 
display  a frequency  dependent  conductivity.  To  this  end,  measure- 
ments were  made  on  a sample  of  Te^sSi  to  try  to  duplicate  the 
observations  of  Rocketed”.  This  sample  was  chosen  because  the 
absolute  conductivity  values  were  among  the  highest  reported  and 
the  compound  displayed  a large  frequency  dependence  from  106  to 
107  Hz.  our  measurements  showed  a frequency  independent  conductivity 
at  all  frequencies  up  to  lo7  Ms  with  a value  approximately  three 
orders  of  magnitude  below  the  frequency  independent  component 
Observed  by  Rockstad  for  this  compound.  It  is  believed  that  this 
discrepancy  is  due  to  basic  differences  in  the  bulk  samples  measured 

in  this  lab  and  the  thin  film  flash  evaporated  samples  measured 
by  Rockstad." 


Attempts  have  also  been  made  to  produce  a bulk  glass  sample 
of  As2Te3  glass  since  Rockstad  reported  extremely  high  levels 
of  freouency  dependent  conductivity  at  room  temperature  in  this 
sample  which  should  also  be  well  within  the  measurement  capabilities 
Of  the  Wayne-Kerr  bridge.  In  a private  communication  Rod  Quinn 
of  Sandia  has  reported  the  production  of  this  compound  as  a bulk 
glass  in  very  small  samples  using  quartz  compounds  with  very  thin 
walls.  Attempts  to  produce  a glassy  sample  of  As^  included 
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the  use  of  3 mm  I.D.  quartz  tubing  with  0.4  mm  wall  thickness  for 
making  the  ampoules.  As^^e^  melts  in  these  ampoules  were  quenched 
in  both  cold  iced  brine  (~  -7°C)  and  in  liquid  nitrogen;  however, 

neither  attempt  produced  a non-crystalline  sample. 

It  was  then  decided  to  look  at  materials  which  had  been  easily 
made  in  bulk  glass  and  also  reported  to  have  shown  frequency  dependent 
conductivity.  The  most  readily  available  of  these  are  As^S^  an^ 
As^Se^.  Ivkin  and  Kolomiets^  reported  a frequency  dependent 

conductivity  for  As^Se,  which  should  be  measurable  at  freouencies 

6 61 
above  10  Hz  with  the  Wayr.  e-Kerr  bridge.  Crevecoeur  and  de  Wit 

-4 

however  report  loss  tangents  at  or  below  10  which  would  be 

7 

measurable  only  at  10  Kz  with  the  Wayne-Kerr  bridge.  Crevecoeur 

and  de  Wit  ascribe  the  larger  losses  observed  by  Ivkin  and  Kolomiets 

62 

and  also  Kitao,  Araki,  and  Yamada  to  poor  contacts  or  sample 

quality.  Measurements  at  this  lab  have  shown  no  measurable  con- 

7 

ductivity  even  ac  10  Kz.  We  verify  the  results  of  Crevecoeur  and 
de  Wit. 

Measurements  of  As^S^  show  a very  small  conductance  only  at 

7 

the  highest  frequency  measured  (10  Hz)  and  therefore  the  exact 

frequency  dependence  of  conductivity  cannot  be  determined  for  this 

sample.  It  appears  that  the  absolute  value  of  conductivity  is 

about  2x10  (P  cm)  , somewhat  below  the  value  reported  by  Owen 
6?  7 

and  Pobertson  at  10  Hz  for  this  compound.  This  value  would 
fall  close  to  an  extension  of  the  lower  frequency  linear  portion 
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of  tho  curve  reported  by  Owen  and  Robertson. 

63 

Owen  and  Robertson  also  reported  measurements  of  the  a.c. 

conductivity  of  silver  doped  As^Se^.  With  a dopinq  level  of 

0.2  atomic  per  cent  silver,  they  obtained  a frequency  dependent 

conductivity  approximately  two  orders  of  magnitude  higher  than 

61 

the  results  obtained  by  Crevecoeur  and  de  Wit  . A number  of 
samples  have  been  made  here  with  high  dopinq  levels  of  metallic 
elements.  Samples  of  As^S^  have  been  made  with  silver  doping 
levels  ranging  from  0.1  tc  4 at.  per  cent,  and  with  copper  doping 
levels  ranging  from  0.5  to  2 at.  per  cent;  As^Se^  has  been  made  with 
silver  doping  levels  from  0.1  to  2 at.  per  cent.  Several  attempts 
were  made  to  dope  As2S3  samPles  with  comparable  levels  of  gold; 
however,  it  was  found  that  gold  tends  to  separate  and  condense 
separately  from  the  As^S^. 

Measurements  are  presently  under  way  on  these  samples  and 

have  been  completed  for  As40S60Ag'  As40S60Aq2'  and  AR4CS60Aq4  at 

pressures  from  atmospheric  pressure  to  7 khar  at  room  temperature 

and  recently  for  As  „S,„A q,  at  B0°C  and  over  the  same  pressure 

40  60  4 

range.  This  last  data  have  not  been  completely  corrected  because 
measurements  have  not  been  completed  yet  to  determine  the  exact 
bridge  corrections  necessary  for  these  experimental  conditions. 

The  most  recent  measurements  have  been  made  at  atmosp.ieric  pressure 
and  room  temperature  with  very  short  leads.  These  measurements 
have  been  made  on  As . _S,_Ag . c in  addition  to  the  other  three 
coirp  junds  previously  measured  in  the  pressure  vessel  and  with 
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somewhat  longer  leads.  The  accuracy  of  these  measurements  .is 
better  than  for  those  taken  in  the  pressure  vessel,  especially 

for  *S4?60Ag‘ 

Owen  and  Robertson  observed  that  the  a.c.  conductivity  of  As^Se^ 
(+  0.?  at.%  Aq)  was  monotonically  increasing  with  frequency  and 
if  the  conductivity  is  expressed  as: 

S 

a (w)  = o^w  , 

c 5 7 

varied  between  1 and  2 for  frecniencies  between  10'  and  10  Hz, 

falling  off  to  values  of  about  0.5  at  lower  frequencies.  V7e  observe 

that  within  the  accuracy  of  the  data  S is  frequency  independent 
5 7 

in  the  ranqe  10  to  10  Hz,  although  S is  a function  of  sample 

composition  and  probably  pressure  and  temperature.  The  results 

for  the  three  samples  on  which  data  have  been  taken  are  shown 

for  several  different  pressures  in  Fig.  42-45.  Fig.  46  also  shows 

preliminary  atmospheric  pressure  data  for  As  S Ag  at  80°C.  The 

^ 0 60  4 

table  contains  a tabulation  of  the  values  of  S for  the  different 
and  samples  and  experimental  conditions.  The  room  temperature 
atmospheric  pressure  data  taken  with  the  pressure  vessel  and 
longer  leads  is  given  for  comparison  with  the  higher  pressure 
data,  although  the  short  lead  data  are  much  more  accurate. 

The  divergence  between  these  two  sets  of  data  for  room  temperature 

*1 

and  atmospheric  pressure  data  are  not  as  great  as  the  values  for 
s given  in  the  table  indicate.  A comparison  cf  the  results  in 
Figs.  42  and  43  shows  that  the  agreement  for  the  two  methods  is 


indeed  very  qood  except  for  the  lowest  frequencies  for  As^QS^Ag. 


5.0 


Temperature 

Pressure 

As40S60A50.5 

SS40!=60A'’l 

AS40Sf0Ag2 

As40S60Ag4 

- 22°C 

Atmos- 

0.74 

0.60 

0.60 

pheric 

o 

^ 22  C 

4 Kbar 

0.73 

0.62 

0.61 

- 22°C 

7 Kbar 

0.P0 

0.66 

0.62 

o 

^RO  C 

Atmos- 

0.4° 

pheric 

* o 

- 22  C 

Atmos- 

0.91 

0.86 

0.64 

0.58 

pheric 

It  should  be  noted  that  the  hiqh  temperature  results  are  highly 

6 

tentative  and  the  data  above  10  Hz  is  somewhat  questionable. 

No  d.c.  conductivity  measurements  have  yet  been  made  on  these 

materials . 

The  d.c.  conductivities  for  the  samples  on  which  measurements 
have  been  made  behave  in  the  same  manner  as  most  other  amorphous 
semiconductor  compounds  do.  All  show  an  activatec  behavior  with 
all  but  one  having  a pre-exponential  factor,  pq,  in  or  very  near 
the  10~'  - 10  ^ (Qcm)  range  which  Stuke  noted  appeared  to  be 
universal  for  amorphous  semiconductors.  As  noted  earlier,  the  anomalous 
behavior  of  the  one  exception  is  quite  possibly  due  to  an  artifact 

of  the  experimental  technique. 

★ 

Short  leads. 


M. 


a 
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The  extremely  low  values  of  d.c.  conductivity  which  both  doped 

and  undoped  samples  of  As  S and  As  Se  display  at  room  temperature 

2 3 2 3 

creates  extreme  difficulties  in  makinq  accurate  measurements  for 
bulk  glass  samples  of  these  compounds.  No  d.c.  conductivity 
measurements  have  therefore  been  attempted  yet.  A number  of 


conductivity  measurements  on  silver  and  copper  doped  As  S and 
As^  Se^  samples  have  been  reported  by  several  other  investigators 
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mhere  is,  hov/ever,  a great  deal  of  variance  in  the  results  reported 

in  these  papers.  This  variance  is  possibly  due  to  contact  problems. 

2 

Kolomiets  et  al  used  colloidal  graphite  electrodes  with  which  we 
have  experienced  difficulties.  Arai  et  al^'*^  and  Fdmund  07  used 
gold  electrodes  although  Edmund  noted  the  possibility  of  gold 
diffusion  into  the  sample. 

The  conductivity  observed  in  the  a.c.  conductivity  measurements 
indicates  that  a hopping  process  is  occuring  .in  the  samples.  The 
variation  of  the  frequency  dependence  with  silver  concentration 
suggests  the  possibility  of  multiple  hopping.  The  theory  for 
multiple  hopping  has  been  developed  by  Poliak  for  crystalline 
semiconductors"70'7'1'.  Although  this  treatment  needs  at  least 
some  modification  to  be  applicable  to  amorphous  semiconductors,  the 
basic  predictions  seem  to  have  a strong  correlation  with  the 
experimental  results  presented  earlier  in  this  report.  There 
should  be  a decreased  frequency  dependence  with  increased  concen- 
tration of  impurity  states  and  at  the  same  time  the  temperature 
dependence  should  increase.  The  frequency  dependence  does,  on 
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the  average,  indeed  decrease  with  increasing  silver  concentration. 
The  increase  in  the  a.c.  conductivity  of  As^S^A-g^  at  lO^Hz 

between  295K  and  353K  was  by  a factor  of  6.  The  increase  for 

5 66 

As^S^  at  10  Hz  between  3fif)K.  and  420 K as  reported  by  Owen  was 

only  by  a factor  of  1.5.  At  lower  temperatures,  the  temperature 

dependence  of  the  a.c.  conductivity  usually  tends  to  be  smaller 

rather  than  larger.  Thus,  the  temperature  dependence  of  the  a.c. 

conductivity  increases  with  concentration  as  predicted  by 

Poliak^ . 

The  absence  of  frequency  dependent  conductivity  in  bulk 
glass  samples  where  it  is  present  in  this  film  samples  of 
noir.inally  the  same  compounds  is  an  important  observation.  It 
indicates  that  the  thin  films  have  a high  concentration  of  energy 
states  which  are  not  characteristic  of  the  solid  compound,  but 
are  quite  probably  associated  with  microscopic  voids  or  impurities 
in  the  films. 

A continuation  of  measurements  of  the  electrical  properties 
of  the  heavily  doped  As^S^  arid  As2Se3  should  lead  to  information 
concerning  the  effect  of  impurities  on  the  distribution 
of  energy  states  in  amorphous  semiconductors.  It  may  also  help 
to  clarify  the  effect  of  preparation  methods  on  the  properties  of 
amorphous  semiconductors. 
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